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Nitrogen (N) is one of the most expensive variable input costs for corn production. 
Optimized manure management is essential to ensure maximum crop N utilization and to 
reduce the risk of N loss. A field study was conducted in central Indiana from 2011-2013 
to assess liquid swine (Sus scrofa L.) manure N availability when applied at different 
times or co-applied with InstinctTM, a microencapsulated form of nitrapyrin. Soil 
inorganic N contents, soil N mineralization, corn yield, grain N content, whole plant N 
concentrations of corn at the V6 growth stage, and ear leaf N concentrations of corn at 
the R1 growth stage differed from year to year and were greatly influenced by manure 
application timing and climatic conditions.  
A static cup incubation was used to assess N mineralization from soil samples 
collected at two depths (0-30 cm and 30-60 cm) at various times after manure application 
(early winter, planting and corn V6 growth stage). The cumulative net N mineralization 
was fitted to a first-order exponential model to determine potentially mineralizable N 




Cumulative mineralizable N up to 16 weeks was not affected by liquid swine 
manure application timing or the use of InstinctTM at both soil depths. Differences in total 
soil inorganic N recovered after incubation were mainly due to initial inorganic N 
differences. Negligible amounts of NH4+-N were recovered from soil extracts in all 
treatment plots during the incubation study, indicating that nitrification occurred and that 
there was little efficacy from InstinctTM at controlling nitrification at the time of soil 
sample collection.  
Spring application of liquid swine manure (165 kg manure total N/ha) showed 
greater corn grain yield and grain N content (6.9 Mg/ha and 61.2 kg N/ha) compared to 
early fall applications (138 kg manure total N/ha, 5.1 Mg/ha and 44.6 kg N/ha) at 
Location 3 in the 2013 growing season, while in the 2012 growing season corn yield was 
unaffected by manure application timing. Distinct climatic conditions, especially 
precipitation, between these two years were considered a main source of yearly 
inconsistence. Corn growth and yield was unaffected by the addition of InstinctTM at any 
location. Primary factors that could have affected the efficacy of this nitrification 
inhibitor include: i) InstinctTM runoff or leaching from the soil before nitrapyrin is 
released from the polymer microcapsules; ii) inadequate release rate and concentration of 
nitrapyrin from InstinctTM with time in soil; iii) sorption of released nitrapyrin by organic 
matter and clay minerals in soils; iv) efficacy of released nitrapyrin on nitrifiers under the 
varying soil moisture and temperatures encountered during this field study; and v) 




CHAPTER 1. LITERATURE REVIEW 
1.1 Introduction 
Nitrogen (N) is an essential element for plant growth, and N fertilizer remains one of 
the most expensive variable input costs for non-leguminous crop production. On a global 
basis, N use efficiency (NUE) ([(N removed by crop) – (N coming from soil + N 
deposited in rain)] / (fertilizer applied to crop)) is only about 40% for most crops. Raun 
and Johnson (1999) reported that NUE may be as low as 33% for cereals. Average NUE 
for maize production in the US Corn Belt was 37% (Cassman et al., 2002). The dominant 
N losses include NH3 volatilization of manure and inorganic fertilizers, denitrification of 
soil NO3- and NO3- leaching to ground and surface water via soil drainage and soil 
erosion. Nitrogen losses from agricultural systems through NO3- leaching and 
denitrification are of growing concern because they are the most significant loss 
processes in practical agriculture (Kurtz, 1980). Due to the fact that NO3- is mobile in 





Nitrogen loss from agricultural land can lead to substantial economic loss. The loss 
of 67% of applied N fertilizer (Raun and Johnson, 1999) represents a $15.9 billion annual 
loss of N fertilizer based on world-wide use of 1011 kg N/yr (Glass, 2003). Glass (2003) 
pointed out that a 1% increase of NUE could save $234 million globally each year. 
Nitrogen loss from agricultural land also contributes to non-point source water quality 
impairment and can cause serious health problems. Many studies have shown that 
elevated NO3- concentrations in surface and groundwater are due to fertilizer and manure 
applications from agricultural activities (Spalding and Exner, 1993; Hallberg and Keeney, 
1993; Wylie et al., 1995; Ator and Ferrari, 1997; Hudak, 2000; Harter et al., 2002; 
Almasri and Kaluarachchi, 2004). Agriculture is a major contributor to the N load that 
reaches the Gulf of Mexico through the Mississippi River (Burkart and James, 1999). 
Indiana alone is responsible for roughly 10% of the total NO3- that reaches the Gulf of 
Mexico. The other major contributors of NO3- to the Gulf of Mexico include the Corn 
Belt states of Iowa (~10%), Illinois (~10%), Ohio (~5%) and Kentucky (~5%) (Devine et 
al., 2008). Animal manure and commercial fertilizers are the two main sources of N 
applied to supply nutrients for crop growth. However, there is no single best approach to 
improve NUE and to reduce N loss across all agricultural production systems. The 
addition of nitrification inhibitors (NIs) is again becoming an intensely studied topic 
since the introduction of a microencapsulated form of nitrapyrin, InstinctTM (Dow 
AgroSciences Inc.), which allows nitrapyrin to be used with manure and liquid fertilizers 
with minimal volatilization problems. Previous studies have shown a potential for corn 
yield response when NIs are used with fall-applied N fertilizers and manures in Indiana 




1.2 Nitrogen in Animal Manure 
Manure generated by livestock and poultry operations contains considerable amounts 
of N, phosphorus (P), potassium (K), other minerals and organic matter. In the U.S., 1.6 
billion metric tons of fresh manure are excreted annually in livestock and poultry 
production, and this excreted manure contains about 75% of the commercial fertilizer N 
consumed in the U.S. (11,117,000 metric tons commercial fertilizer N) each year (Wood 
et al., 2012). The U.S. is the second largest pork producer in the world. Approximately 62 
million pigs are raised in the U.S. each year (USDA, 2014) and Indiana ranks No. 5 in 
pork production nationwide (National Pork Board, 2012). Over 600,000 metric tons of N 
are excreted in swine (Sus scrofa L.) manure in the U.S. annually (Wood et al., 2012). 
The nutrients in the collected manures are beneficial for crop growth after manure is 
applied on farmland.  
One challenge to the optimum utilization of manure nutrients is that manure lacks 
consistency in nutrient content. The actual nutrient value of animal manure differs 
considerably with animal species, collection method, livestock housing and bedding 
system, diet, temperature and storage/treatment system. Jokela et al. (2010) reported that 
dairy manure N content ranged from 120 - 8,760 g/1,000 L for liquid dairy manure and 
1,000 – 48,500 g/1000 kg for solid manure based on previously published data. This 
variability in manure nutrient content gives rise to the complexity of manure nutrient 
management. As a result, most farmers do not properly credit manure N and often apply 
more commercial fertilizer N than is required for optimum corn yield. This in turn has led 
to more restrictive requirements for managing manure nutrients, which may limit the 




in Indiana. Hence it is important to improve manure nutrient management and allow the 
livestock industry to grow in an environmentally sustainable way. 
 
1.2.1 Manure Management Strategies  
Optimizing manure application time 
When manure is effectively managed for use in crop production, it can enhance soil 
fertility and productivity (Khaleel et al., 1981) and become an asset rather than a liability 
for producers. However, current practices for management and utilization of swine 
manure can potentially contribute to the degradation of water and air quality through NH3 
volatilization, NO3- leaching and denitrification (Sharpley et al., 1998; Zebarth et al., 
1999). Most swine manure in the U.S. is handled and stored as a liquid (NRCS, 2000). 
Due to storage limitations, sometimes farmers must apply manure to cropland at times 
that are not optimal for conserving N. In addition, due to the wet spring climate in the 
Midwest U.S., many farmers apply manure in the fall to reduce soil compaction and to 
retain the days available for planting annual crops in the spring. Comparisons of manure 
application timing, including early-fall, late-fall and spring, do not always show 
differences in corn yield responses (Ruiz Diaz and Sawyer, 2008). While the timing of 
manure application can influence crop response, it is often due to variations in weather 
conditions (Warman, 1995; Talarczyk et al., 1996; Sanchez et al., 1997). Rainfall in the 
spring and during the growing season can significantly influence corn yield response. 
Synchrony of plant available nutrients in the soil and crop nutrient demand is essential for 
optimum crop performance and environmental protection (Magdoff, 1995). If plant 




substantial N losses can occur before or after periods of crop demand via leaching, 
volatilization and denitrification. Fall and winter applications are often associated with 
potential environmental contamination due to the increased risk of N loss (Smith et al., 
2002; Hansen et al., 2004; Ruiz Diaz and Sawyer, 2008). It is recommended that animal 
manures with high levels of first-year N availability (high NH4+- N: organic N ratio) 
should be spring-applied for increased N use efficiency for corn production and 
decreased NO3- loss (Randall and Sawyer, 2005). 
Burger and Venterea (2008) studied N availability with various application timing 
from three different types of manure (cattle, hog and turkey) in Minnesota, and observed 
greater NO3- leaching potential with early fall manure incorporation compared to spring 
incorporation of manure. However, no clear advantage between late fall manure N 
availability compared with spring manure application was found under the typical 
climatic conditions of the Upper Midwest. Similar results for poultry manure were 
reported by Ruiz Diaz and Sawyer in Iowa (2008). On the other hand, Loecke et al. 
(2004) reported that fall-applied solid swine manure had greater N supply efficiency 
compared to spring-applied manure in Iowa, and they attributed this to timely net 
mineralization relative to plant N demand with the fall application.  
 
Composting manure 
Manure composting can also be an integral part of manure nutrient management. 
Composted manure has a number of potential advantages over fresh manure, including 
reduced viable weed seed content (Wiese et al., 1998; Eghball and Lesoing, 2000), 




transportation costs) and a reduction in particle size which contributes to better 
uniformity of field application. Compost-amended soils can increase chicory plant 
growth (Valdrighi et al., 1996), provide protection from plant pathogens (Hoitink and 
Kuter, 1986) and suppress weed seedling emergence (Menalled et al., 2002). Phytotoxic 
substances contained in fresh solid swine manure, such as high concentrations of NH4+–
N, decrease with time of composting and time following soil application. However, 
disadvantages of manure composting are possibly large losses of C and N, labor and 
capital costs associated with extra manure handling and space requirements for the 
compost piles. Losses of N measured during animal manure composting have ranged 
from 20 to 70% (Martins and Dewes, 1992; Rao Bhamidimarri and Pandey, 1996; 
Eghball et al., 1997; Tiquia et al., 2002). Garrison et al. (2001) estimated that 41% of the 




Broadcasting is a common application method for slurry and liquid manure. It 
requires the least amount of energy and time, and results in a uniform application pattern. 
However, surface application promotes loss of N to the atmosphere, which limits manure 
N availability, and it also diminishes air quality (Pfluke et al., 2011). Injection places 
manure in a concentrated layer or location (band) in the soil, commonly 10-20 cm below 
the surface. Injection minimizes odors and greatly reduces the potential for manure runoff 




1.3 Nitrogen Impacts on the Environment 
Both organic and inorganic forms of N are present in soil. Inorganic forms of N 
within the soil are NH4+and NO3-, and they are the only readily available forms utilized 
by plants. Organic N is the most abundant N form in the soil (>90% of total soil N) and is 
vital to the supply of soil inorganic N. Organic N sources include soil organic matter, 
organic fertilizers such as animal manures, and decaying plants and animals. Nitrogen 
fixation, fertilizer and manure inputs and atmospheric deposition are the major ways that 
N is added to the soil. Inorganic soil N can be immobilized by microorganisms and 
converted into organic N, which is not readily available for plants. Organic N can be 
converted to inorganic N by many different species of soil bacteria and fungi through the 
mineralization process. “Mineralization is a biologically mediated reaction that takes 
organic N and ultimately results in the production of ammonium N.” (Mullen, 2011). Soil 
NH4+ can be converted into NO2- by nitrifying microorganisms (the most studied are 
Nitrosomonas spp. and Nitrosolobus spp. bacteria), then Nitrobacter spp. and other 
autotrophic bacteria and archaea convert NO2- to NO3-. This two-step aerobic process is 
known as nitrification. The conversion of NH3 to NO2- is usually the rate limiting step of 
nitrification. Nitrate is highly mobile in the soil and can be readily leached below the root 
zone due to its negative charge and high solubility, whereas NH4+-N is held by the 
negative charged soil minerals and organic matter. Ammonium fixation occurs when 
NH4+ ions are hydrostatically bound within the interlayer of 2:1 clay minerals, and this 
nonexchangeable NH4+ is not immediately available for plant uptake. Nitrogen loss 
potential increases as NH4+-N is converted to NO3--N. In addition to plant uptake, N loss 




1.3.1 The Impact of N Loss on Water and Air Quality 
Due to the variable availability of manure N, most farmers do not properly credit 
manure N and often apply more manure N or commercial fertilizer N than is required for 
optimum crop growth. As a result, excessive N loss from manured fields can negatively 
impact environmental health. It is known that N loss has negative impacts on water and 
air quality. Nitrate runoff or leaching can cause hypoxia and eutrophication in surface 
water, and N2O emissions via denitrification, and to some extent via nitrification, lead to 
global warming concerns since N2O is a greenhouse gas that has a 100-year time horizon 
direct global warming potential (GWP) of 298 relative to CO2 (IPCC 4th Assessment 
Report, 2007). 
 
1.3.2 The Impact of N Loss on Human Health 
Nitrogen can also pose a direct threat to human health. When ingested, NO3--N 
present in food and water can be converted to NO2-, which can interfere with the oxygen-
carrying capacity of red blood cells and produce a condition known as 
methemoglobinemia. Because this condition primarily affects newborns and infants less 
than six months old, it is commonly known as infant cyanosis or blue baby syndrome 
(Fewtrell, 2004). The US Environmental Protection Agency (US EPA) established a 
maximum NO3--N level of 10 mg/L in drinking water to prevent NO3--related health 






1.4 The Use of Nitrification Inhibitors 
Nitrification of NH4+ to NO3- is the precursor of most N loss from soil. The use of 
NIs is one practice suggested for improving NUE and reducing the potential for NO3--N 
leaching and denitrification. Nitrification inhibitors, intensively studied in the 1970s, 
slow down the conversion of NH4+ to NO2- by Nitrosomonas spp. and Nitrosolobus spp., 
and thus to NO3- by Nitrobactor spp., so a NI keeps NH4+-N in the soil longer (Wolt, 
2000). Theoretically, keeping N in the NH4+ form decreases the susceptibility of NO3-N 
loss to deeper soil and tile drains through leaching, as well as NO3-N loss through 
denitrification. Therefore, NIs should increase crop N uptake in situations where NO3-N 
leaching and/or denitrification are likely.  
Nitrapyrin (2-chloro-6-(trichloromethyl)-pyridine) is the active chemical ingredient 
in the most commonly used commercial NI, which is sold as N-serveTM and InstinctTM by 
Dow AgroSciences Incorporated (US Patent Application Publication, Pub. No.: US 
2008/0176745 A1). It was initially registered in 1974 and is effective at relatively low 
rates compared to other NIs such as dicyandiamide. Nitrapyrin is volatile and strongly 
sorbed by soil organic matter. The movement of nitrapyrin was found to be more limited 
and slower than NH4+-N diffusion and leaching in soils (Briggs, 1975). When surface 
applied to soil, nitrapyrin would be lost to the atmosphere via volatilization. When 
incorporated into soil, nitrapyrin can become separated from co-applied urea if soils are 
wet and thus favorable for urea movement. Therefore, nitrapyrin mixed with manure 
needs to be injected or immediately incorporated to adequately inhibit the oxidation of 
NH4+. However, due to the low solubility of nitrapyrin in water, nitrapyrin does not mix 




                                 
Figure 1.1. Structure of Nitrapyrin (2-chloro-6-(trichloromethyl)-pyridine). 
 
The commercial product InstinctTM is a microencapsulated form of nitrapyrin in a 
polymer coating, which is water-soluble and can be used with liquid fertilizers and 
manures (US Patent Application Publication, Pub. No.: US 2008/0176745 A1). The 
microcapsule is designed to protect nitrapyrin from volatilization, fixation by clay 
particles and sorption by organic matter. The microcapsule coating also increases 
nitrapyrin mobility in soil and delays the initial bioactivity of the product. At some point 
in time, nitrapyrin is released from the microcapsule into the soil solution where it then 
can inhibit nitrification. InstinctTM does not interfere with the nitrification process before 
nitrapyrin is released, so this nonvolatile formulation shows promise for easier handling. 
 
1.4.1 Nitrapyrin Mode of Action 
Nitrapyrin, the active chemical ingredient in InstinctTM, selectively inhibits the 
nitrification process by Nitrosomonas spp. by restricting the conversion of NH3 to NO2-. 
(Goring, 1962a; Laskowski et al., 1975; Wolt, 2000) The oxidation of NH3 to NO2- is 
performed by two groups of chemolithoautotrophic organisms, ammonia-oxidizing 




the phylum of Crenarchaeota (AOA) are the major nitrifying microorganisms in most soil 
environments.  
The first step in NH3 oxidation is the rate-limiting step in nitrification:  NH3 + O2 + 2H+ + 2e− 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑠𝑠𝑠𝑠.�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  NH2OH + H2O (Hooper, 1984) 
This reaction is catalyzed by NH3 monooxygenase (AMO), a complex of membrane-
bound proteins in AOB. In this step, AMO requires two electrons to drive the reaction. 
The source of electrons is the further oxidation of the NH2OH within the organism by the 
following reaction, catalyzed by hydroxylamine oxidoreductase (HAO): 
 NH2OH + H2O 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑠𝑠𝑠𝑠.�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� NO2− + 5H+ + 4e− 
The kinetics of inhibition of NH3 oxidation are complicated by the need for co-
oxidation. This co-oxidation requirement can be relieved by the use of N2H4 as an 
alternative source of reducing equivalents (Keener and Arp, 1993).  
Ammonia monooxygenase has a broad range of substrates for catalytic oxidation. 
Over 40 compounds (McCarty, 1999), including nitrapyrin (Vannelli and Hooper, 1992; 
1993;), have been shown to be substrates of AMO, which can competitively inhibit NH3 
oxidation. It was demonstrated that AMO contains Cu at the active site (Campbell and 
Aleem, 1965; Hauck, 1980). Some NIs are Cu-chelating agents (such as thiourea and 
allythiourea) and therefore inhibit the oxidation of NH3 by AMO in soil (Lees 1946; 
Hooper and Terry, 1973). Copper was found to reverse the inhibitory effects of nitrapyrin 
on NH3 oxidation (Campbell and Aleem, 1965; Hooper and Terry, 1973). 
The inhibitory mechanisms of NH3 oxidation by various substrates of AMO can be 




interaction with AMO; (2) chelate metals; (3) interference of electron transfer to affect 
the supply of reductant needed for AMO activity; and (4) “suicide inhibitor” - the 
oxidation of the inhibitor produces a highly reactive chemical that inactivates AMO. 
The effect of nitrapyrin is due to competition for the active site on AMO (Hauck, 
1980; McCarty and Bremner, 1989; McCarty, 1999). It is worth noting that nitrapyrin 
only inhibits NH3 oxidation, not NH2OH oxidation (Hooper and Terry, 1973). The Cl 
atoms on the C adjacent to the ring N of pyridine (Figure 1.1) are considered an electron-
withdrawing group which can potentiate nitrapyrin for nitrification inhibition. It has been 
suggested that the trichloromethyl group of nitrapyrin is positioned in the active site of 
AMO such that it is reduced in place of O2 (McCarty, 1999). Nitrapyrin in low 
concentrations has also been reported to inhibit nitrification through chelation of Cu at 
the active site of AMO (Campbell and Aleem, 1965; Hooper and Terry, 1973; Hauck, 
1980). Although some evidence for bactericidal effects was found in liquid culture 
studies (Zacherl and Amberger, 1990), it is more widely accepted that the effect of 
nitrapyrin on nitrification in soil was primarily bacteriostatic rather than a toxic effect 
(Rogers and Ashworth, 1988; Powell and Prosser, 1986; Wolt, 2000). 
Nitrapyrin appears to have a stronger inhibitory effect on actively growing versus 
stationary-phase populations of nitrifiers, suggesting that inhibition requires nitrapyrin to 
be taken up by bacteria to be active (Wolt, 2000). 
 
1.4.2 Effect of Nitrification Inhibitors on N Availability 
Nitrapyrin (N-serve and InstinctTM) is the most commonly used nitrification inhibitor 




considered an environmentally safe best management practice for N conservation leading 
to reduced NO3- leaching (Yadav, 1997). Nitrification inhibitors can improve fertilizer N 
efficiency in certain situations when they are properly used (Keeney, 1980). Under 
varying conditions, NIs delayed nitrification for up to 10 weeks depending on soil 
characteristics (Reddy, 1963; Redemann et al., 1964; Williamson et al., 1996). A review 
by Nelson and Huber (1980) pointed out that NIs could reduce the loss of applied N, 
increase corn yield, decrease disease incidence and improve grain quality in the eastern 
Cornbelt under certain conditions. Many studies have shown that NIs are effective at 
delaying nitrification when N is fall-applied compared to early spring N applications, 
likely due to greater inhibition effectiveness and low nitrification activity (Hendrickson et 
al., 1979a; Keeney, 1980; Nelson and Huber, 1980; Hoeft, 1984). However, fall-applied 
N with NIs does not always provide consistent crop yield responses. Bundy (1986) 
suggested that NIs can improve the effectiveness of fall-applied N, but that spring-
applied N is more effective than inhibitor-treated fall N when conditions favoring N loss 
through denitrification or leaching from fall applications develop. Therefore, the 
beneficial effect of NIs to increase yield is associated with soil and climatic conditions 
(Ferguson et al., 2003). Nitrification inhibitors performed poorly in delaying nitrification 
and increasing corn yield with fall-applied N in the southeast U.S. due to the relatively 
mild wet winter (Touchton and Boswell, 1980), whereas nitrapyrin application in the 
Cornbelt markedly reduced the nitrification rate of fall- and spring-applied anhydrous 
NH3 where the weather is cold in winter and wet in spring (Hergert and Wiese, 1980; 
Nelson and Huber, 1980). In dryland areas, where potential fall N losses are low, the 




Nitrification inhibitors are less likely to show an economic benefit when high N rates are 
used in the field as the additional applied N can often offset N losses in this scenario. 
The effect of nitrapyrin on conserving N in manure-amended soils is also variable. 
The inhibition of nitrification when nitrapyrin is mixed with manure depends largely on 
the rate of nitrapyrin and the timing and method of manure application (Wolt, 2000). 
Nitrification was significantly reduced when nitrapyrin was tank-mixed and applied with 
liquid swine manure in late April to a Chalmers silty clay (Typic Endoaquoll) in Indiana 
(McCormick et al., 1983). Comfort et al. (1988) found no effect on nitrification within 
the manure injection band when nitrapyrin was applied with liquid dairy manure on a 
Plano silt loam (Typic Argiudoll) in late June in southern Wisconsin. Calderón et al. 
(2005) reported that neither dairy manure nor nitrapyrin consistently affected net N 
mineralization in five different soils collected in Maryland.  
 
1.5 Factors Affecting Nitrification Inhibitor Efficacy 
Environmental transformations of NIs, including hydrolysis, photolysis, 
volatilization, adsorption and desorption, all affect NI efficacy. The quantity of plant-
available N is dynamic and reflects the balance between N mineralization, N 
immobilization, and removal of inorganic and organic N from the root zone. Soil 
temperature, moisture, aeration, C/N ratio and C constituents (especially lignin) of 





1.5.1 Nitrapyrin Volatilization 
More than 80% of nitrapyrin can be volatilized when surface-applied in the field 
(Briggs, 1975; Hendrickson and Keeney, 1979b). In general, loss of volatile chemicals is 
faster from wet soils than dry ones (Hance et al., 1973; McCall and Swann, 1978). 
McCall and Swann (1978) found that approximately 46% of applied nitrapyrin is 
susceptible to volatile loss from soil when surface applied or shallow incorporated to 
moist soils. Soil incorporation and reduced soil moisture favor nitrapyrin sorption and 
therefore substantially reduce volatilization loss (Briggs, 1975; Wolt, 2000). Nitrapyrin 
volatilization was also considered rapid in coarse-textured soil (Hendrickson et al., 
1978a; Guthrie and Bomke, 1980). 
 
1.5.2 Soil Organic Matter 
Sorption of nitrapyrin by organic matter decreases its bioactivity in soils (Goring, 
1962a, 1962b; Bundy and Bremner, 1973; Lewis and Stefanson, 1975; Hendrickson and 
Keeney, 1979b; Keeney, 1980; Chancy and Kamprath, 1987; Wolt, 2000). Nitrapyrin 
adsorption occurs mainly through ionic bonding between its heterocyclic ring and soil 
organic surfaces, and it shows a greater affinity to humic acid than fluvic acid in soil 
(Jacinthe and Pichtel, 1992). Wolt (2000) found a positive correlation between nitrapyrin 
sorption and soil organic C content: Kd = −2.33 + 6.61 ×  OC% (r2 = 0.978). Greater 
organic matter content leads to increased nitrapyrin sorption and half-life in soil from 2 to 
8 days when incubated at 25 ˚C (Laskowski and Bidlack, 1977). In the field, the half-life 
of N-serve was 28 days in a soil with 1.43% organic matter as compared to 50 days in a 




nitrapyrin bioavailability and therefore its activity, however, organic matter sorption 
increases the persistence of nitrapyrin in soils.  
Nitrifier populations in soils with various organic matter contents also affects NI 
effectiveness. Generally, there is positive relationship between soil organic matter and 
microbial biomass (Chander et al., 1997). Nitrogen mineralization and nitrification 
appear to be limited by low soil organic matter as well as poor microbial establishment 
(Hart et al., 1994). Thus the effect of NIs may appear limited in low organic matter soils. 
Even though soil organic C is considered a causal factor for reduced nitrapyrin 
efficacy in soils (Goring, 1962a; Jacinthe and Pichtel, 1992), the effect of organic C on 
nitrification is confounded by other soil factors such as soil type, texture, pH and initial 
total N content (Chancy and Kamprath, 1987). 
 
1.5.3 Soil Temperature 
Low soil temperature can act as a NI itself due to low microbial activity when soil 
temperature drops. Most NIs were found to be more effective at temperatures below the 
optimal for nitrification (25-30 ˚C) (Goring, 1962a, 1962b; Bundy and Bremner, 1973; 
Touchton et al., 1978b; Islam, 1989; Nelson and Huber, 1980; McCarty and Bremner, 
1990). Higher soil temperatures not only increased the rate of nitrification, but also 
accelerated the rate of diffusion, volatilization, hydrolysis and degradation of nitrapyrin 
in soils (Herlihy and Quirke, 1975; Zourarakis and Killorn, 1990). Keeney (1980) 
concluded that the rate of nitrapyrin hydrolysis and degradation increased significantly 
with increased temperature and that the recovery rate of nitrifying organisms also 




temperature increases (Touchton et al., 1979c). Studies with 14C-nitrapyrin (Regoli et al., 
1976; Unger et al., 1981) showed that on a Commerce loam (Aeric Fluvaquent), the half-
life of nitrapyrin at 35˚C was half of that when soil was incubated at 25˚C (12 days). 
Keeney (1980) proposed that this effect might be a combination of greater persistence of 
the inhibitors due to their slow degradation and/or volatilization and low nitrification 
activity. More specifically, Herlihy et al. (1975) and Touchton et al. (1979c) 
demonstrated that the half-life of nitrapyrin was markedly reduced in 5 different soils 
when temperatures increased from < 10˚C (22-77 days) to > 20˚C (7-22 days), and that 
the persistence of nitrification inhibition decreased markedly when soil temperature 
increased from 10 ˚C to 30 ˚C (McCarty and Bremner, 1990). Since both nitrapyrin 
degradation in soil and nitrification increase with soil temperature (Keeney and Bremner, 
1967; Touchton et al., 1978b; Gomes and Loynachan, 1983; McCarty and Bremner, 
1990), variability in weather conditions can lead to variability in NI effectiveness (Parkin 
and Hatfield, 2010).  
 
1.5.4 Soil Moisture 
Nitrification in soils is inhibited in saturated soils due to the lack of O2. Nitrifying 
bacteria are aerobic organisms that need O2 to reproduce and to complete the oxidation of 
NH3. Slow nitrification also occurs at low soil moisture since water is needed for 
microbes to move and to be active (Miller and Johnson, 1964; Stanford and Epstein, 
1974; Kowalenko and Cameron, 1976). In a soil column incubation study, Goring 
(1962b) found that nitrification was delayed in a loamy sand from California as water 




applied also affected the efficacy of nitrapyrin in nitrification inhibition. Heavy initial 
water application as high as 50 cm could decrease the control of nitrification while a 20 
cm water application improved recovery of NH4+-N compared to a 5 cm water 
application. Excessive soil moisture increases the rate of nitrapyrin hydrolysis into is 
primary metabolite, 6-chloropicolinic acid (Gomes and Loynachan, 1983). Soil moisture 
also influences nitrapyrin volatilization, with higher volatilization rates in wet soils 
(Briggs, 1975).  
Kowalenko and Cameron (1976) found that the optimum moisture content for 
nitrification was dependent on temperature, while Schrodter and Tietzen (1971) and 
Keeney (1980) noted no temperature-moisture interaction. Optimum moisture content for 
nitrification was observed when soil moisture was near field capacity (0.3 to 1 ×105 Pa), 
since there was sufficient water and O2 (Alexander, 1965; Stanford and Epstein, 1974; 
Focht and Verstraete, 1977; Cassman and Munns, 1980).  
 
1.5.5 Soil Texture 
The effectiveness of NIs varies among soils, and better inhibitory effects of 
nitrapyrin are generally obtained in light-textured soils than medium- and heavy-textured 
soils (Goring, 1962b; Bundy and Bremner, 1973). It is well accepted that nitrapyrin 
adsorbs on soil clay minerals and its efficacy is then reduced. Nevertheless, sandy soils 
generally have low organic matter content, and less sorption by organic matter and soil 
clay particles results in nitrapyrin loss through volatilization and degradation, which 
lessens its inhibitory effect with time. Light-textured soils allow for more rapid 




soils (Goring, 1962b). In irrigated soils or regions with high precipitation, the addition of 
nitrapyrin to ammoniacal fertilizers on sandy soils (low cation exchange capacity) may 
not reduce N loss or increase crop yield because of the differential movement of NH4+ 
and nitrapyrin from the zone of placement (Nelson and Huber, 1980). The effectiveness 
of nitrapyrin in a field study was found to persist much longer in silty soils (86 days) than 
in loamy sand soils (23 days) in Vancouver, Canada (Guthrie and Bomke, 1980). 
 
1.5.6 Soil pH 
It is well established that nitrification is relatively slow at pH values less than 5.5 
(Alexander, 1965; Sahrawat, 1982; Schmidt, 1982; Kyveryga et al., 2004). Kyveryga et 
al. (2004) observed that the percent nitrification of anhydrous ammonia fertilizer 
increased linearly as soil pH increased from 5.2 to 8.0 in each of 4 study years in central 
Iowa. The impact of soil pH on the effectiveness of nitrapyrin, however, is inconsistent. 
Keeney (1979b) studied the effect of nitrapyrin at various pH levels between 4.7 and 7.4, 
and found that nitrapyrin was more effective as soil pH increased. In contrast, 
Hendrickson et al. (1978b) reported nitrification of applied anhydrous ammonia was 
inhibited more in a soil with pH 5.6 than the same soil with pH 7.2. Randall and Sawyer 
(2005) also noted that high pH soils speed the degradation process of nitrapyrin and 
shorten the inhibition activity period. Touchton et al. (1979c) investigated the effect of 
pH on the loss of nitrapyrin and showed that nitrapyrin loss as a result of volatilization, 
degradation and adsorption increased with pH in two of three soils studied. They 




greater nitrapyrin degradation. However, pH did not affect the initial loss of nitrapyrin in 
soils.   
Another explanation for the reduced effectiveness of nitrapyrin in high pH soils is 
that the optimal pH range for ammonium-oxidizers is 7.5 to 8.2 (Alexander, 1965; Focht 
and Verstraete, 1977; Kyveryga et al., 2004). Soil pH also affects initial populations of 
nitrifiers and rate of recovery of the population after nitrapyrin activity has lessened 
(Goring, 1962b; Keeney, 1980). Therefore, rapid recovery of nitrifiers in neutral and 
alkaline soils lessens the effectiveness of nitrapyrin (Keeney, 1980).  
 
1.5.7 Form and Rate of N Fertilizer 
The relative nitrification inhibition is expected to be lower with alkaline-forming 
fertilizers in acid and neutral soils, while N source should have little effect in calcareous 
soils (Jones and Hedlin, 1970; Pang et al., 1975; Keeney, 1980). Bundy and Bremner 
(1973) found that the efficacy 14 different NIs decreased when applied with urea 
compared to with ammonium sulfate. They hypothesized that anhydrous ammonia and 
the hydrolysis of urea by soil urease increased soil pH, promoted the recovery of nitrifier 
populations and affected the effectiveness of NIs in soils. 
Ammonium-N recovery percentage was also found to be higher when the ammonium 
sulfate rate increased from 0.5 g to 2.0 g in a 50 g loamy sand soil incubation study at 
various nitrapyrin concentration (Goring, 1962b). However, NIs are less likely to show 
an economic benefit when high N rates are used in the field as the additional applied N 





1.5.8 Nitrapyrin Concentration and Residence Time in Soil 
Effective nitrapyrin concentration and its persistence in various soils are dependent 
on the factors discussed above. Goring (1962b) showed that the lowest effective 
nitrapyrin concentration was 0.125% of fertilizer N for band applications and 2% of 
fertilizer N for broadcast applications of ammonium fertilizers among 20 different soils 
studied in an incubation experiment. Higher NH4+-N recovery percentage was found 
when nitrapyrin concentration increased. While higher concentrations of nitrapyrin 
increased control of nitrification, it was not commensurate with the concentration 
increases and inhibitory effect leveled off around 1% with band applications (Goring, 
1962b; Onken, 1980). Powell and Prosser (1986) noted that higher concentrations of 
nitrapyrin were required for inhibition of a laboratory strain of Nitrosomonas europaea in 
soil than for equivalent inhibition in liquid culture.  
The sorption of nitrapyrin increased substantially with residence time in soil 
(Peterson et al., 1987). Time of application relative to growth status of nitrifiers may also 
influence nitrapyrin activity. The length of time NIs remain active in the soil before its 
degradation largely determines its efficacy. 
 
1.6 Concluding Remarks 
Manures are important nutrient sources and contribute to increased crop yields and 
improved soil fertility and quality when managed properly. The nutrient content in 
manures are affected by various factors, many of which are unique to specific farm 
operations. Manures applied to cropland at times that are not ideal to conserve N or at 




water and air pollution. Sustainable manure management is needed so that agronomic and 
environmental issues are considered equally. Nitrification inhibitors provide an approach 
to stabilize N and improve NUE. Nitrapyrin, the most studied NI, was proven to delay 
nitrification and increase yield when conditions favoring N loss develop. InstinctTM (Dow 
AgroSciences) is a microencapsulated form of nitrapyrin in a polymer coating which is 
water-soluble and can be used with liquid fertilizers and manures. The encapsulation also 
decreases nitrapyrin loss and improves its mobility. However, the efficacy of NIs can be 
affected by various factors, including NI concentration, soil organic matter, soil 
termperature, moisture, texture, pH, N rate and N fertilizer form. No field research 
studies have been conducted in Indiana to assess the impact of InstinctTM on soil N 
dynamics and corn yield response to applied manure. Thus, my research objectives are to: 
i) evaluate the impact of swine manure application timing on manure N availability to 
corn in Indiana; and ii) assess the impact of InstinctTM on retaining manure N when 
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CHAPTER 2.  LIQUID SWINE MANURE APPLICATION TIMING AND 
INSTINCTTM IMPACTS ON NET SOIL NITROGEN MINERALIZATION 
2.1 Abstract 
An improved understanding of manure nitrogen (N) transformations in soils and 
manure N availability to crops are among the most important factors that can help 
farmers improve manure nutrient management, increase N use efficiency (NUE) and 
reduce environmental degradation as a result of N losses from agricultural production. 
This two-year field study was conducted in central and east-central Indiana from August 
2011 to November 2013 with two field sites each year. Our objectives were to assess the 
impact of (i) swine manure application timing (early fall, late fall, early spring, and late 
spring) and (ii) the use of InstinctTM, a nitrification inhibitor, on net soil N mineralization. 
We used a static cup incubation method to assess N mineralization for soil samples 
collected from the experimental fields at two depths (0-30 and 30-60 cm) at various times 
(early winter, planting and corn V6 growth stage). Cumulative net N mineralization was 
fit to a first-order exponential model to determine potentially mineralizable N (N0) and N 
mineralization rate constant (k). In-situ N2O emissions were measured at intervals 
ranging from 5 days to biweekly for 38 sampling dates on one experimental site in 2012-




 The results showed that at both soil depths, cumulative mineralizable N up to 16 weeks 
was not affected by liquid swine manure application timing or the use of InstinctTM. 
Differences in total soil inorganic N after incubation were mainly due to differences in 
initial soil inorganic N at the time of soil sample collection. Negligible amounts of NH4+-
N were recovered from soil extracts in all treatment plots during the incubation. As 
expected, mineralization potential was much greater in the surface 30 cm compared to the 
30-60 cm soil depths. Total inorganic N in the topsoil was significantly lower for August 
and September manure treatments than in the spring manure treatments at Location 1 and 
2 at the time of planting, both initially and after 8 weeks of incubation, suggesting 
manure N loss before crop N uptake. However, no differences in soil inorganic N 
concentrations were detected in Location 3 and 4 at this sampling time.  
No significant differences in N2O emissions were observed in our study at Location 
3. Spring manure treatments had greater N2O emission peaks compared to fall manure-
treated soils at most sampling periods, likely due to greater NO3- concentrations from 
rapid nitrification of the greater amounts of NH4+ present at times when denitrification 
potential was high. Cumulative N2O-N emissions from surface applications of May 
manure (2.01 kg N/ha) were significantly lower than that of May subsurface injected 
manure (6.08 kg N/ha), likely due to N losses from NH3 volatilization after surface 
application of manure before the NH4+ was converted to NO3- through nitrification. 
Numerically greater N2O emissions were measured in the October manure-treated plots 
(16.62 g N2O-N/ha/d at Location 3 and 13.95 g N2O-N/ha/d at Locations 4) compared to 
the control plots (11.22 g N2O-N/ha/d at Location 3 and 9.14 g N2O-N/ha/d at Location 




in our study were not significant, due to large variability in the data. Similarly, no 
significant differences were found by the use of InstinctTM to reduce N2O emissions after 





Corn Belt States remain the primary hog production areas, accounting for 74% of the 
hogs raised in the U.S. (62,128,000 head nationwide), Indiana ranks 5th nationally in pork 
production, contributing to 5.6% of the U.S. pork market (USDA National Ag Statistics, 
2014). Over 600,000 metric tons of N are excreted in swine (Sus scrofa L.) manure in the 
U.S. annually (Wood et al., 2012) and most swine manure in the U.S. is handled and 
stored as a liquid (NRCS, 2000). Swine manure is a potentially valuable N source for 
corn (Zea mays L.) production due to its high NH4+-N:organic N ratio. Due to storage 
limitations, farmers sometimes have to apply manure to cropland at times that are not 
optimal for conserving N. Nitrogen loss from agricultural land has been identified as a 
major contributor to water quality impairment (Spalding and Exner, 1993; Wylie et al., 
1995; Ator and Ferrari, 1997; Burkart and James, 1999; Hudak, 2000; Harter et al., 2002; 
Almasri and Kaluarachchi, 2004; Larsen et al., 2007; Smith et al., 2007). Nitrification is 
the process where NH3/NH4+ is oxidized to NO2-, then to NO3- by nitrifying bacteria and 
archaea. The risk of N loss increases after N is converted to NO3-. Nitrate leaching losses 
can be high when intense rainfall events occur on well drained soils or where longer 
periods of wetness persist in fields with cold temperatures. Inhibiting nitrification is one 
way to reduce N losses to the environment. Denitrification is the process of NO3- 
reduction that produces a series of gaseous nitrogen oxides and N2 gas, and denitrification 
is performed by a large group of heterotrophic anaerobic bacteria in soils. Denitrification 
losses can be high in warm, water-logged soils. When manure is the source of N input, 
the potential for denitrification is enhanced because the organic fraction in the manure 




al., 1988). Concurrent nitrification and denitrification was suggested as a result of 
substantial additions of available C along with inorganic N in agricultural wastes 
(Sommers and Giordano, 1984). As concerns about global climate change increase, N2O 
emissions have become a focus in many studies due to the fact that N2O is a greenhouse 
gas which has 298 times greater global warming potential (GWP) than CO2 (IPCC 4th 
Assessment Report, 2007). In the U.S., 78% of N2O emissions are attributed to 
agricultural soil management (Siikamaki and Maher, 2007). Nitrous oxide can be 
produced in soils through various pathways (Table 2.1).  
Nitrapyrin was identified in the 1960s as an effective nitrification inhibitor (NI) to 
“stabilize” N in fertilizers. The use of nitrapyrin has been intensively studied recently 
since the advancements in N use technology have allowed nitrapyrin to be 
microencapsulated into a water-soluble form, InstinctTM, for use in liquid fertilizers and 
animal manures. Nitrapyrin released from InstinctTM microcapsules could slow down the 
conversion of NH4+ to NO2- by Nitrosomonas spp. and Nitrosolobus spp., and thus to 
NO3- by Nitrobactor spp (Wolt, 2000). Theoretically, nitrapyrin decreases the 
susceptibility of NO3- loss by keeping N in the NH4+ form longer. As a result, when 
InstinctTM is properly used, it could reduce the potential for N loss to deeper soil depths 
and tile drains through leaching, as well as NO3- loss through denitrification. A review by 
Hoeft (1984) pointed out that the longer the time between N application and crop uptake, 
the greater the probability of higher yields from the use of a NI. Therefore, there is 
potential for reduced manure N loss when InstinctTM is used with fall-applied manure in 





Agricultural fields are typically wet in the spring in the Midwest U.S., so many 
producers apply manure in the fall because: 1) manure often can be applied at more 
favorable soil moisture conditions for field operations which decreases the risk of soil 
compaction; 2) there is a reduced demand for labor and machinery compared to the busy 
spring planting season; 3) delayed planting due to spring manure application can be 
avoided; and 4) insufficient storage capacity to hold the manure for longer time periods. 
However, greater N losses are associated with fall-applied manure due to the long time 
between manure application and crop N demand, especially in wet soils where both 
denitrification and NO3- leaching occur extensively. Synchrony of plant available 
nutrients in the soil and crop nutrient demand is essential for optimum crop performance 
and environmental protection (Magdoff, 1995). With spring applications, there is less risk 
of N losses from the field, as spring manure N is readily available for crop N demand 
before substantial N losses occur. However, spring applications result in less time for 
organic decomposition of the manure, including the release of some nutrients (Schmitt 
and Rehm, 1992). 
In this project, we studied soil N dynamics as affected by different swine manure 
application timing (early-fall, late-fall, spring) and the incorporation of InstinctTM. We 
intend to use the results of this research to better inform farmers about N losses that are 
likely to occur when manure is applied at various times relative to planting to corn and to 






2.3 Materials and Methods 
2.3.1 Field-Scale Swine Manure Application Experiment 
This study was conducted from August 2011 to November 2012 on two field sites 
(Location 1: 40˚23’54” N, 86˚15’15” W; Location 2: 40˚27’14” N, 85˚6’13” W) and 
from August 2012 to November 2013 on two other sites (Location 3: 40˚15’22” N, 
85˚9’14” W; Location 4: 40˚9’38” N, 85˚3’34” W) in central and east-central Indiana, 
US. These locations were selected because this area of Indiana is densely populated with 
large swine production operations. Selected soil properties and classification of the four 
study sites are presented in Table 2.2 and Table 2.3. The soil was cropped to wheat 
(Triticum aestivum L.) before manure application at all locations. The study was carried 
out in a randomized complete block design, with four replications at Location 1 and three 
replications elsewhere. Plot size was 16 m wide (16 twin rows) by 210 m long at 
Location 1, 18 m wide (24 rows) by 240 m long (plot 1-18) and 18 m wide by 145 m long 
(plot 19-33) at Location 2, 9 m wide (12 rows) by 100 m long at Location 3, and 12 m 
wide (16 rows) by 180 m at Location 4. Treatments were different swine manure 
application times (August, September, October, November, April) with or without the use 
of InstinctTM. For treatments that received NIs, InstinctTM was mixed with manure at the 
rate of 2.6 L/ha prior to manure application. Manure was subsurface injected into soil at 
the time of application at all four locations except for the spring manure application 
treatments at Location 3. Due to the limited availability of an on-farm manure applicator, 
spring manure was broadcast applied at Location 3 and then manure was incorporated 
into the soil the same day on plots that were designed to receive spring manure with 




were applied to plots not receiving manure to determine the manure N availability 
equivalency of each application time. Anhydrous ammonia (82-0-0) was injected into the 
soil at planting in Location 1, and urea ammonium nitrate (28-0-0) was sidedressed at 
Locations 2, 3 and 4 in the fertilizer plots. Starter fertilizer was applied at 17 kg N/ha in 
the form of UAN (28-0-0) at Locations 2, 3 and 4 at planting. At Location 4, no spring 
manure application was made due to the wet soil conditions in the spring of 2013; and an 
additional 67 kg N/ha as UAN was applied to the fall-applied manure plots. The actual 
manure application date was chosen depending on weather conditions. Corn (Zea mays 
L.) was planted in April 2012 and May 2013. Table 2.4 shows the actual manure 
application, corn planting and harvest dates. Liquid swine manure rates for each 
application were 65,500 L/ha at Location 1 and 2, and 56,100 L/ha at Location 3 and 4. A 
1-L manure sample of each application was collected immediately before being applied 
to the plots at every application time. Samples were stored frozen at -20 ˚C until they 
were analyzed. Manure total N (Kjeldahl method, UW A3769 III.3.2), NH4+-N 
(Distillation method, UW A3769 III.4.1) and organic N (derived by total N minus NH4+-
N) concentrations were determined in a commercial laboratory (A&L Great Lakes 
Laboratories, Fort Wayne, IN). Due to the variability of swine manure analysis, the total 
N applied each time varied at the four locations and the actual application rates are 
presented in Table 2.5.  
Indiana has a climate with four distinct seasons. Winters are often cold and summers 
are usually humid and hot. The collision between cold continental polar air and warm air 
from the Gulf region can produce an active spring with thunderstorms and tornadoes. 




summer in Indiana, precipitation totals are relatively equally distributed throughout the 
year. The mean annual precipitation total in Central Indiana is 1000 mm (30-year period 
from 1981-2010). Soils usually become saturated with water several times during the 
winter and spring. Table 2.6 – 2.9 shows the temperature fluctuation and precipitation 
during the two study years, as well as 1981-2010 normals.  
 
2.3.2 Soil N Mineralization and Nitrification during Incubation 
2.3.2.1 Soil Sampling 
Soil samples were collected from each of the four locations at 0-30 cm and 30-60 cm 
depths at four different sampling times: early winter, planting, corn V6 growth stage 
(after sidedress) and within a maximum of 3 weeks after corn harvest. Soil samples were 
taken with a 2 cm diameter soil probe between the two center-rows of every plot in 3 sets 
of 5 subsamples; with 2 subsamples towards the application band/corn row and 3 
subsamples in between the bands/corn rows. A total of 15 subsamples were collected in 
every plot to obtain one composite sample at each depth. Early winter soil samples were 
collected from plots that received fall swine manure and control plots where no manure 
was applied. Soil samples from all plots were taken at planting, corn V6 growth stage, 
and after corn harvest. Soil samples were air-dried and then ground to pass a 2 mm sieve. 
2.3.2.2 Soil Incubation 
Soil N mineralization estimated from a long-term static cup incubation method was 
found to be correlated to crop N uptake under greenhouse conditions (Zhao, 2013). A 16-




in the laboratory to estimate soil N mineralization potentials for the different treatments 
using a modified approach of Schomberg et al. (2009). Eight-week incubation studies for 
soil collected at corn planting and V6 growth stage were performed. Kladivko and 
Keeney (1987) found that soil N mineralization was related to soil water content and soil 
temperature, and 33 kPa moisture tension and 25 ˚C was found to be the preferred 
condition for optimal soil N mineralization to occur, which is the condition we used in 
this laboratory incubation.  
Before the start of the incubation experiment, soil water retention at 33 kPa moisture 
potential of samples collected from each site was measured using the pressure plate 
method (Klute, 1986). 
Soil samples collected in early winter, at planting, corn V6 growth stage and after 
harvest were sieved to pass a 2 mm screen to prepare the samples for the incubation 
study. Five grams of air-dry soil from each plot for each sampling time were put into a 50 
ml plastic centrifuge tube, and deionized water was then added to bring soil water content 
to 33 kPa water potential. The centrifuge tube was loosely capped to reduce moisture loss 
and to allow oxygen to diffuse into the tube during the incubation period. The tube was 
then put into an incubator at 25 ˚C. Soil moisture was maintained at 33 kPa tension 
weekly by weighing the tube. Triplicates were sampled at weeks 1, 2, 4, 6, 8, 12, 16 (soil 
samples collected on December 14, 2011 from Location 1 and 2).  
The N mineralization study was shortened to 8 weeks from 16 weeks for the rest of 
the soil samples collected due to the following: 1) N mineralization slowed down and 
tended to level off after 8 weeks (by the end of week 8, cumulative mineralized N had 




differences in mineralized N between week 8 and week 16 had no treatment effects; and 
3) immobilized manure NH4+-N was found to be slowly released for many years after a 
3-year study involving 15N-labeled NH4+-N in manure (Sorensen and Amato, 2002). 
During each sampling, 50 ml of 1 M KCl was used to extract 5 g of soil in each tube. 
The extract was then transferred into a 125 ml Erlenmeyer flask and shaken at 170 rpm 
(revolutions per minute) for 1 hour. The filtrate was collected in 20 ml capped 
polyethylene scintillation vials. A few drops of chloroform were added to inhibit 
microbial activity and the samples were stored at 4 ˚C until further analysis. Initial 
exchangeable NO3-N and NH4-N in soil samples were extracted using the same 
procedure. The concentrations of inorganic NO3-N and NH4-N were determined by 
colorimetric analyses using a continuous flow analyzer (Skalar Analytical B. V, The 
Netherlands). Soil total inorganic N concentrations for each plot were derived by 
summation of NO3-N and NH4-N concentrations based on extract volumes. 
 
2.3.3 In-situ N2O Emissions 
Nitrous oxide emissions from the soil surface were measured in-situ after manure 
treatment applications at approximately 7-day intervals in the 2012 – 2013 study year. 
Due to weather conditions at the time, we discontinued sampling several times when the 
soil was frozen in the winter or was flooded in early spring. Samplings slowed down to 
biweekly sampling after September 6, 2013 when N2O emissions were very low and 
stable and were continued until October 25, 2013. Aluminum vented chambers (70 cm 
long, 35 cm wide, and 12 cm tall) were used to collect gas samples from the soil surface. 




in the soil and the anchors were left in place during the experiment. The anchors were 
positioned perpendicular to the corn rows at about 10 m from the plot edge in between 
the two center rows, and were installed approximately 10 cm deep into the soil. The 
chambers had two holes, one covered with a rubber septa used as a port to collect 
samples with a 50 mL syringe, and the other hole had a copper vent tube to equilibrate 
the air pressure inside of the chamber with that outside of the chamber. At the time of 
sampling, the chambers were placed on top of the anchors, and four samples were 
collected with a syringe at 10-minute intervals between 0 and 30 minutes. To collect the 
samples, 30 ml of air were extracted from the headspace inside of the chamber, 10 ml 
discarded and the remainder injected into previously evacuated vials (12 ml Exetainer, 
Labco, High Wycombe, UK) to a pressure of 0.032 kPa. All samples were collected 
between 10 a.m. and 2 p.m. (Eastern Standard Time), and analyzed shortly after 
collection using a gas chromatograph (CP 3800; Varian, Sunnyvale, CA). Vials 
containing a known concentration of gases (1170 μL CO2 L−1, 9.24 μL CH4 L−1, and 1.43 
μL N2O L−1) were run every 12 samples for calibration purposes. 
Each time field N2O emissions were sampled, soil water content and temperature in 
the vicinity of the anchors were measured. To assess soil water content, a 10 cm deep 
probe (TDR 300 Serial 346; Field Scout Spectrum Technologies, Plainfield, IL) was 
used. Also, thermometers (WatchDog B-series Button Loggers, Field Scout Spectrum 
Technologies, Plainfield, IL) were installed at a depth of 10 cm, to record soil 





2.3.4 Data Analysis 
Total cumulative inorganic N was derived from the sum of NH4+-N and NO3--N. 
Cumulative mineralized N was calculated by subtracting the time zero soil inorganic N 
level from the non-zero sampling time samples. Ammonium N was low as incubation 
time increased, and negative NH4+-N values were set to zero when the amount of NH4+ in 
solution was below the detection limit. Outliers were identified and excluded from further 
statistical analysis. A first-order model proposed by Stanford and Smith (1972) was used 
to model net mineralization using the 16-week soil incubation data: 𝑁𝑁𝑇𝑇 − 𝑁𝑁𝑁𝑁 = 𝑁𝑁0(1 −
𝑒𝑒−𝑘𝑘𝑁𝑁) or 𝑁𝑁𝑁𝑁 = 𝑁𝑁0(1 − 𝑒𝑒−𝑘𝑘𝑁𝑁), where NT = Total inorganic N (mg kg-1) at time ‘t’ (days); 
Ni = Initial inorganic N (mg kg-1) at time 0; Nt = cumulative N mineralized (mg kg-1) at 
time ‘t’ (days); N0 = N mineralization potential (mg kg-1); k = first-order rate constants 
(day-1).  
All statistical analyses were performed with version 9.3 of SAS (SAS Institute, 
2012). The normality of distribution of all the data was assessed by kurtosis and 
skewness. Data transformation was decided using the Box-Cox transformation procedure 
(Box et al., 1978). Original data were used for 16-week soil incubation and post-harvest 
soil inorganic N concentrations statistical analyses. PROC NLIN was used to estimate N 
mineralization potential and the 1st-order mineralization rate constant k of different 
treatments. Statistical analyses were performed using the generalized linear model 
(GLM) to determine the effects of application timing, the presence of InstinctTM and their 
interactions on N mineralization potential or soil residual inorganic N. The MEANS 
procedure with the LSD option was used for means separation on significant effects.  




transformed values are reported. Analyses of variances (ANOVA) were achieved using 
PROC MIXED for total inorganic N in soils, with treatment and block effects in the 
whole plot and incubation time as subplot treatment. The LSMEANS procedure was 
performed for means separation test on significant effects in ANOVA.  
Daily N2O–N fluxes were corrected using air temperature during each sampling day. 
The cumulative N2O–N emissions were estimated by linear interpolation and integration 
of the mean fluxes between sampling dates over time (Vehlthof and Oenema 1995). 
Because gas emission rates were measured repeatedly over time from the same spot, 
analysis of variance for cumulative N2O emission was computed on different sampling 
periods using PROC GLM procedure of SAS (SAS Institute, 2012) for a randomized 
complete block design to determine treatment effects.  
 
2.4 Results and Discussion 
2.4.1 Nitrogen Mineralization Potentials and Rates of Soils 
During the incubation, soil total inorganic N in all treatments increased over time, 
indicating that N mineralization was taking place. Soil N mineralization rates were faster 
in 0-4 weeks in all samples at both depths at all locations compared to 4-8 and 8-16 
weeks. Moreover, total inorganic N mineralization tended to level off at the end of the 
incubation time (Figure 2.1). Higher inorganic N levels were found at Location 1 
compared to Location 2 during all incubation periods. However, the differences in 
manure-treated soil inorganic N level (71.6 mg N/kg at Location 1 vs. 61.9 mg N/kg at 




to be as large as the difference in the quantity of manure N applied to the fields (420 kg 
total N/ha at Location 1 vs. 242 kg total N/ha at Location 2 on average).  
Results from the 16-week static cup incubation study of December 2011 soil samples 
showed net N mineralization regardless of manure application timing or the use of 
InstinctTM (Figure 2.1), because NH4+-N in the liquid swine manure was converted to 
NO3--N by nitrifying bacteria under favorable conditions. Cumulative net N mineralized 
was linearly correlated to the square root of the incubation time at both sampling depths 
and locations (R2 > 0.71) (Figure 2.2), thus a first-order kinetic model (Stanford and 
Smith, 1972) was used to estimate the N mineralization potential of soils. 
First-order mineralization rate (k) differed among treatments at Location 1 for the 0-
30 cm depth but not at Location 1 for the 30-60 cm or at Location 2 at either depth (Table 
2.10). Nitrogen mineralization potential (N0) did not differ due to manure timing at either 
location or depth. Greater N mineralization potential was found in the topsoil compared 
to the subsurface soils at Locations 1 and 2, likely due to the greater soil organic matter 
content and nitrifying bacteria population in topsoil. The first-order N mineralization 
model estimates suggest that cumulative mineralized N amounts were not affected by 
manure application or the addition of InstinctTM. Therefore, differences in soil total 
inorganic N after 16 weeks among treatments were mainly due to the differences in initial 
total inorganic N (Table 2.11). 
In the case where the first-order mineralization rate was different among treatments, 
the September manure and control treatments had significantly greater k values (0.0466 
day-1 and 0.0452 day-1) than that of the October manure treatments with (0.0292 day-1) or 




rate of 0.0441 day-1. A similar N mineralization rate constant (k = 0.0476 day-1) was 
found by Moore et al. (2010) for a Quincy fine sand (Xeric Torripsamment) amended 
with poultry litter. Stanford and Smith (1972) reported mineralization rate constants (k) 
(0.035 - 0.095 week-1) for 39 widely differing plow-depth soils (15-20 cm) in the U.S.  
Negligible amounts of NH4+-N were recovered from soil extracts in all treatment 
plots during the incubation study, indicating that the nitrification process occurred and 
that InstinctTM that was applied in the fall had limited efficacy in controlling nitrification 
at the time of December soil sampling in the field.  
Nitrogen mineralization is the conversion of organic N contained in soil organic 
matter and organic additives into inorganic, plant-available N as a result of the activities 
of soil heterotrophic microorganisms. Inorganic N in the soil can also be assimilated by 
soil microorganisms in the process called immobilization and become temporarily 
unavailable until biomass N decomposes. These two processes can occur simultaneously 
and the net result of the two competing processes was studied to estimate soil and manure 
N supply for plant growth. Corn N uptake has been found to be well synchronized with 
soil N mineralization (Heumann et al., 2013), therefore, measurements to gain insight 
into N mineralization in manure-treated soil is helpful to more efficiently predict manure 
N availability to crops and to estimate the potential for N losses due to application timing. 
The first-order kinetic model is based on the assumption that the rate of N 
mineralization is proportional to the size of the mineralizable N pool, defined as N0. 
Other studies have also reported lower N mineralization potentials as soil depths increase 
(Cassman and Munns, 1980; Zhao, 2013). The N mineralization potential estimated in 




the organic pool as a whole. Some researchers suggested the use of a double- or multi-
compartment first order model (Molina et al., 1980; Nuske and Richter, 1981; Deans et 
al., 1986; Cabrera and Kissel, 1988a). They reasoned that pretreatment of soils before 
incubation (freezing and drying, fumigation, or drying) causes changes in soluble organic 
matter, and that some of these organic compounds may come from the microbial 
biomass, which may be killed by drying the soil samples (Richter et al., 1982; Nieder and 
Benbi, 2008). On rewetting, this biomass mineralization process takes place fast 
(Beauchamp et al., 1986; Nieder and Benbi, 2008), most likely within the first four weeks 
of incubation (Cabrera and Kissel, 1988a). However, pretreatment of soil samples only 
contributes to a small pool of mineralizable N (Cabrera and Kissel, 1988a). The large 
recalcitrant fraction mineralizes slowly and is considered better related to the soil organic 
matter pool. Long-term incubation study results showed promises in predicting soil N 
supply and crop N uptake under greenhouse environments (Zhao, 2013), but 
overpredictions of mineralizable N were observed under field conditions (Cabrera and 
Kissel, 1988a). Until now, there is not a good method for estimating N mineralization 
potential in the field. Despite the need to improve soil temperature and moisture factors 
to adjust coefficients used in the model, some researchers also suggested that, with the 
incubation methods, especially short-term incubations (Cabrera and Kissel, 1988b), it 
may not be possible to define the N mineralization potential of soils because the slowly 
mineralizable N fraction may, in fact, follow zero-order kinetics (Bonde and Rosswall, 





2.4.2 Nitrogen Mineralization in an 8-week Incubation Study 
At the time of planting, total inorganic N in the topsoil was significantly lower for 
the August and September manure treatments compared to the spring manure treatments 
at Locations 1 and 2, both initially and after 8 weeks of incubation (Figure 2.3, Figure 
2.4). The differences between early-fall and spring manure applications were likely due 
to NO3- leaching below the 60 cm soil sampling depth in late fall and early spring. 
However, such differences in soil inorganic N concentrations were not observed at 
Locations 3 and 4 (Figure 2.5, Figure 2.6) due to less rainfall in the late-fall of 2012 (10 
mm rainfall in November 2012 compared to 160 mm in November 2011) when soil was 
warm (Table 2.8, Table 2.9). Soil inorganic N levels in the field at Location 3 and 4 at the 
time of planting were in the range of 6-20 mg N/kg, compared to 14-50 mg N/kg at 
Location 1 and 8-24 mg N/kg at Location 2, mostly due to manure N application 
differences (Table 2.5). 
Greater variability of soil inorganic N concentrations in the field were found from 
samples collected at the corn V6 growth stage compared to samples collected near the 
planting date. At the corn V6 growth stage, August and September manure treatments 
had significantly lower soil inorganic N in the 0-30 cm depth soil compared to late fall 
and spring manure treatments at Location 1, both initially and after the 8-week lab 
incubation (Figure 2.3). However, at Locations 2, 3, and 4, no significant differences 
were observed among various fall manure application timings at either soil depth (Figure 
2.4, Figure 2.5, and Figure 2.6). On average, spring manure applications exhibited the 
potential for higher N availability than early fall manure applications, except at Location 




likely masked the differential N loss from the manure application time treatments. At 
Location 3, due to the amount of N applied to soils, soils with the high fertilizer N rate 
(224 kg N/ha) had significantly greater inorganic N in the soil at both sampling depths 
than those of the low (134 kg N/ha) and moderate (179 kg N/ha) fertilizer N treatments 
and the manure treatments. Comparable results were not noted at the other three 
locations.  
After corn harvest, greater subsurface soil residual inorganic N was present in the 
high fertilizer rate at Location 2 compared to the low and moderate fertilizer N treatments 
as well as the manure treatments, suggesting excess N supply or limited NO3- leaching 
(Figure 2.7). Due to the drought in 2012, NO3- leaching was limited at Locations 1 and 2. 
Soil residual inorganic N concentrations were greater at Location 1, which corresponded 
to the greater manure N input at this site. Greater soil residual inorganic N was retained 
in subsurface soils of the spring manure treatments compared to the fertilizer gradient 
treatments, likely due to high manure N application rates. This readily available N is 
susceptible to loss during the fallow season, which is potentially of environmental 
concern. No differences in soil residual N were found among any of the treatments at 
Location 4 (Figure 2.8), the interpretation of which is confounded by the fact that 
additional fertilizer N was applied in the manure treatments.  
No significant differences in soil inorganic N levels were found by the use of 
InstinctTM in the fall or spring manure applications at any location or sampling time, or 
during the static cup incubation study. In a Minnesota field study with nitrapyrin, the 
active ingredient of InstinctTM, NO3- losses in subsurface drainage were reduced 10% by 




appreciably reduced by adding nitrapyrin to spring preplant N on a clay loam soil 
(Randall and Vetsch, 2005). 
Differences in soil total inorganic N in the 8-week incubation were mainly due to the 
differences in initial total inorganic N, which agrees with our 16-week incubation results 
that generally showed that cumulative mineralized N rates and amounts were not 
significantly different among treatments at either depth. The lack of difference in 
cumulative net N mineralization among manure-treated soils and control soils suggest 
that the availability of N from the manure organic N fraction is limited after 8 weeks. 
Similar results have been reported for other manure sources (Flowers and Arnold, 1983; 
Beauchamp, 1986; Burger and Venterea, 2008). Studies with liquid cattle and poultry 
manure also showed little apparent availability of organic N in the first growing season 
(Beauchamp, 1986). Burger and Venterea (2008) observed good agreement of crop 
available N and ammonium N in various manures. Flowers and Arnold (1983) found no 
evidence of an increase in N mineralization arising from either the initially immobilized 
inorganic N or the manure organic N during a 175-day incubation of soils amended with 
fresh pig slurry. 
 
2.4.3 N2O Emissions and Denitrification 
Large variations in measured N2O emissions were observed in this experiment 
(Figure 2.9). Nitrous oxide emission flux peaks occurred for two continuous weeks after 
fall manure application and then slowed down likely due to low microbial activities at 
low temperature in winter. High N2O emission peaks occurred in all treatments from May 




high, which promoted microbial activities and accelerated denitrification in the soil. 
Spring manure treatments had higher peaks compared to fall manure-treated soils in these 
sampling periods, and these results were likely due to greater NO3- concentrations from 
the rapid nitrification of manure NH4+ and more readily available C from the recent 
manure application. 
Numerically greater N2O emissions were measured in the October manure-treated 
plots (16.6 g N2O-N/ha/d at Location 3 and 14.0 g N2O-N/ha/d at Locations 4) compared 
to the control plots (11.2 g N2O-N/ha/d at Location 3 and 9.1 g N2O-N/ha/d at Location 
4) in our study. Numerically greater cumulative N2O emissions were also observed with 
higher N fertilizer input rates due to more available inorganic N present in the soil. 
However, none of these observed differences were statistically significant (Figure 2.10).  
At Location 3, cumulative N2O emissions resulting from surface applications of 
manure in May were significantly lower than the cumulative N2O emissions of 
subsurface injected manure in May (Figure 2.10), likely due to large N losses from NH3 
volatilization after manure surface application before NH4+ was converted to NO3- 
through nitrification. Huijsmans and de Mol (1999) noted that rapid soil incorporation 
can minimize NH3 emissions, although this may increase emissions of N2O (Petersen and 
Sommer, 2011). 
Generally, conditions influencing denitrification in soils include microorganisms, 
supply of NO3- and NO2-, soil temperature, aeration, soil moisture, decomposable organic 
matter, and soil pH (Kurtz, 1980). A temperature of 35 ˚C and neutral pH is the likely 
optimum for denitrification in most cases (Stevenson, 1982). Liquid manure inputs in the 




organic fraction, which likely increases microbial activity and promotes denitrification in 
soils (Rice et al., 1988).  
Nitrous oxide emissions from surface soils were strongly correlated to environmental 
variables such as temperature and precipitation. The spatial and temporal variability of 
N2O fluxes are large. This is because the variables controlling N2O emissions during 
denitrification and nitrification in soils also vary in space and time (Firestone and 
Davidson, 1989; Velthof and Oenema, 1995), which makes direct measurement of field 
denitrification flux difficult and subject to large errors (Arah and Smith, 1989). Flux-
chamber techniques, the most widely used N2O measurement method, were also found to 
have large variation (Folorunso and Rolston, 1984; Ambus and Christensen, 1994).  
 
2.5 Conclusions 
Two years of liquid swine manure application timing and the use of InstinctTM had 
variable effects on soil net N mineralization and N2O losses. Net N mineralization was 
found in all soil samples regardless of manure or fertilizer N applications in the 16-week 
and 8-week static cup incubations and mineralization potentials were greater in the 
surface 30 cm compared to the 30-60 cm soil depths. At both soil depths, cumulative 
mineralizable N up to 16 weeks was not affected by liquid swine manure application 
timing or the use of InstinctTM. Differences in total soil inorganic N after incubation were 
mainly due to differences in initial soil inorganic N at the time of soil sample collection. 
Negligible amounts of NH4+-N were recovered from soil extracts in all treatment plots 
during the incubation. Total inorganic N in the topsoil was significantly lower for August 




1 and 2 at the time of planting, both initially and after 8 weeks of incubation. However, 
no differences in soil inorganic N concentrations were detected at Locations 3 and 4 at 
this sampling time. When comparing manure application timing on N availability, early 
fall liquid swine manure application showed that less N was retained in the upper 60 cm 
soil at Locations 1 and 2, but not at Locations 3 and 4. No apparent benefit from the use 
of InstinctTM on manure N availability or N2O emissions were observed. The variability 
of N2O losses and N availability are dependent on management practices such as the rate 
of fertilization, crop cover, crop rotation, soil profile characteristics and weather factors 
(Kurtz, 1980). It has been reported that under the climatic conditions typical of the Upper 
Midwest, no clear advantage of late fall compared with spring incorporation of manure 
with regard to N availability could be shown, but NO3- leaching potential seemed greater 
with early fall incorporation (Burger and Venterea, 2008). Subsurface manure injection 
increased N2O emissions compared to surface manure application in late spring, though 
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Table 2.1 Pathways for N2O production in the soil environment. 
 Intermediate products 
Denitrification NO3-  NO2-  NO  N2O  N2 
Nitrifier denitrification NH3  NH2OH  N2O 








(40˚23’54” N,  
  86˚15’15” W) 
Location 2 
(40˚27’14” N,  
85˚6’13” W) 
Location 3 
(40˚15’22” N,  
85˚9’14” W) 
Location 4 
(40˚9’38” N,  
   85˚3’34” W) 
Depth (cm) 0 - 30 30 - 60  0 - 30 30 - 60  0 - 30 30 - 60  0 - 30 30 - 60  
Bulk Density (g cm-3)† 1.45 1.60 1.45 1.55 1.45 1.55 1.45 1.55 
pH‡ 6.7 7.1 6.6 7.2 6.7 7.3 6.7 7.4 
Organic Matter (%)‡ 3.1 2.8 2.8 2.2 3.5 3.6 2.4 3.0 
CEC (cmolc kg-1) ‡ 13.4 17.9 14.0 20.4 12.4 20.5 12.0 18.9 
† Data from Irris Scheduler version 1.09 (http://www.purdue.edu/agsoftware/irrigation/); 
‡ Results of composite soil samples from control, collected Dec. 14, 2011 at Location 1 and 2 and Nov. 20, 2012 at Location 3 and 4; 
   Determination method: pH – 1:1 soil:water; Organic matter – loss on ignition; CEC – Mehlich-3 extraction and ICP determination of   





Table 2.3 Predominant soil series and taxonomic class of the four experimental sites. 
Location Soil Series and Taxonomic class 
1 Miami: Fine-loamy, mixed, active, mesic Oxyaquic Hapludalfs 
Crosby: Fine, mixed, active, mesic Aeric Epiaqualfs 
Brookston: Fine-loamy, mixed, superactive, mesic Typic Argiaquolls 
2 Blount: Fine, illitic, mesic Aeric Epiaqualf 
Pewamo: Fine, mixed, active, mesic Typic Argiaquoll 
Glynwood: Fine, illitic, mesic Aquic Hapludalfs 
3 Blount: Fine, illitic, mesic Aeric Epiaqualf 
Pewamo: Fine, mixed, active, mesic Typic Argiaquoll 
4 Miami: Fine-loamy, mixed, active, mesic Oxyaquic Hapludalfs 















August manure 8/17/2011 m† 8/22/2012 8/22/2012 
September manure 9/13/2011 m n/a‡ n/a 
October manure 11/1/2011 m 10/12/2012 10/12/2012 
November manure n/a n/a 11/19/2012 11/19/2012 
March manure 3/20/2012 m n/a n/a 
April manure 4/05/2012 m n/a n/a 
May manure n/a n/a 5/20/2013 n/a 
Planting 4/18/2012 4/27/2012 5/21/2013 5/2/2013 
Sidedress n/a 5/18/2012 6/05/2013 6/05/2013 
Harvest 10/17/2012 11/27/2012 11/08/2013 10/03/2013 
† Missing data; 
















 ------------------------------------------------------ kg/ha -------------------------------------------------------- 
 NH4+-N Total N NH4+-N Total N NH4+-N Total N NH4+-N Total N 
August  276 426 193±1 243±9 m† m m m 
September  322±11 417±8 196±2 255±7 n/a‡ n/a n/a n/a 
October  319±1 418±1 192±2 256±27 103±0 138±17 103±0 138±17 
November  n/a n/a n/a n/a 129±5 194±1 129±5 194±1 
March  317±6 476±7 185±4 231±6 n/a n/a n/a n/a 
April  291±6 379±19 185±1 224±15 n/a n/a n/a n/a 
May  n/a n/a n/a n/a 113 165 n/a n/a 
† Missing data; 





Table 2.6 Interpolated air temperature and precipitation during experimental years 
and 30-year normals data at Location 1 (40˚23’54” N, 86˚15’15” W). 
Month 













January -4.6 21 -0.8 53 -3.6 53.34 
February -0.3 64 1.1 31 -1.8 49.02 
March 5.0 45 12.3 68 3.3 72.14 
April 11.9 156 11.2 39 10.0 92.96 
May 17.4 123 19.7 44 15.9 111.76 
June 22.6 163 22.2 14 21.1 107.7 
July 26.2 76 26.0 144 22.8 121.41 
August 22.5 138 21.2 104 21.8 90.17 
September 17.0 124 17.2 214 17.9 75.44 
October 12.0 56 10.6 102 11.4 74.93 
November 7.6 200 4.5 11 5.4 86.11 
December 2.0 121 2.6 64 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 





Table 2.7 Interpolated air temperature and precipitation during experimental years 
and 30-year normals data at Location 2(40˚27’14” N, 85˚6’13” W). 
Month 













January -5.5 29 -0.7 43 -3.6 53.34 
February -1.2 83 1.2 26 -1.8 49.02 
March 4.7 65 11.8 54 3.3 72.14 
April 11.5 124 11.0 28 10.0 92.96 
May 16.9 136 19.6 38 15.9 111.76 
June 22.4 76 22.1 16 21.1 107.7 
July 26.1 39 25.8 69 22.8 121.41 
August 22.2 86 21.3 62 21.8 90.17 
September 16.7 89 17.2 121 17.9 75.44 
October 11.7 66 10.6 73 11.4 74.93 
November 7.8 118 4.6 10 5.4 86.11 
December 2.3 77 2.7 38 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 





Table 2.8 Interpolated air temperature and precipitation during experimental years 
and 30-year normals data at Location 3 (40˚15’22” N, 85˚9’14” W). 
Month 













January -0.7 43 -1.0 53 -3.6 53.34 
February 1.2 24 -1.1 20 -1.8 49.02 
March 12.2 68 1.4 22 3.3 72.14 
April 11.2 29 10.9 90 10.0 92.96 
May 19.7 49 18.5 64 15.9 111.76 
June 22.0 12 21.4 100 21.1 107.7 
July 25.9 63 21.9 49 22.8 121.41 
August 21.4 60 21.4 46 21.8 90.17 
September 17.2 132 18.7 53 17.9 75.44 
October 10.8 74 12.2 64 11.4 74.93 
November 4.6 10 3.6 33 5.4 86.11 
December 2.8 38 -1.5 51 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 





Table 2.9 Interpolated air temperature and precipitation during experimental years 
and 30-year normals data at Location 4 (40˚9’38” N, 85˚3’34” W). 
Month 













January -0.7 42 -0.9 50 -3.6 53.34 
February 1.5 19 -1.0 18 -1.8 49.02 
March 12.1 63 1.5 24 3.3 72.14 
April 11.1 34 11.1 79 10.0 92.96 
May 19.8 45 18.4 63 15.9 111.76 
June 22.1 16 21.4 84 21.1 107.7 
July 25.9 63 22.0 49 22.8 121.41 
August 21.5 60 21.5 34 21.8 90.17 
September 17.3 134 18.9 50 17.9 75.44 
October 11.0 76 12.3 68 11.4 74.93 
November 4.6 9 3.8 33 5.4 86.11 
December 3.0 43 -1.0 52 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 




Table 2.10 Unconstrained NLIN growth curve regression parameters for N 
mineralization (NT − Ni = N0(1 − 𝑒𝑒−kt)). Comparisons within soil depth 
and location, values were not significantly different among treatments 
unless marked. 
 Depth (cm) Treatment 
Mineralization 
potential N0 (mg/kg) 
1st-order mineralization 
rate K (day-1) 
Location 1 
0-30  
Aug. 38  0.0441 ab† 
Sept. 50  0.0466 a 
Oct. 46  0.0302 bc 
Oct. + NI‡ 41  0.0292 c 
Control 39  0.0452 a 
30-60  
Aug. 17  0.0392 
Sept. 21  0.0472 
Oct. 23  0.0360 
Oct. + NI 16  0.0315 
Control 18  0.0486 
Location 2 
0-30  
Aug. 42  0.0486 
Sept. 41  0.0447 
Oct. 44  0.0482 
Oct. + NI 54  0.0425 
Control 41  0.0425 
30-60  
Aug. 16  0.0472 
Sept. 22  0.0324 
Oct. 19  0.0422 
Oct. + NI 23  0.0274 
Control 18  0.0348 
† Significant differences exist among different treatments within soil depth and 
location, p-value = 0.04, Fisher’s protected LSD = 0.0139 day-1. 




Table 2.11 Soil inorganic N concentrations in samples collected Dec. 14, 2011 at 
Locations 1 and 2. Comparisons within soil depth, location and column. 







 cm  --------------------------mg/kg--------------------------- 
Location 1 
0-30 
Aug. 4.4 b‡ 16.6 a 20.9 b 60.9 bc 
Sept. 3.6 b 14.3 a 17.9 b 71.4 ab 
Oct. 21.7 a 13.8 a 35.5 a 81.1 a 
Oct. + NI 21.6 a 12.5 a 34.1 a 75.0 ab 
Control 3.3 b 5.3 b 8.6 c 49.9 c 
30-60 
Aug. 3.1 a 18.3 a 21.3 a 37.4 a 
Sept. 2.5 a 19.4 a 21.9 a 42.8 a 
Oct. 4.0 a 8.9 b 12.9 b 35.6 ab 
Oct. + NI 4.9 a 7.8 b 12.7 b 26.9 b 
Control 2.8 a 6.1 b 8.9 b 27.6 b 
Location 2 
0-30 
Aug. 3.5 a 9.4 a 12.9 a 58.3 a 
Sept. 3.6 a 8.2 a 11.8 a 55.7 a 
Oct. 3.4 a 9.4 a 12.8 a 60.1 a 
Oct. + NI 3.4 a 11.4 a 14.8 a 73.2 a 
Control 3.3 a 1.8 b 5.1 b 49.3 a 
30-60 
Aug. 2.8 a 5.2 b 8.0 b 23.6 a 
Sept. 3.2 a 7.2 a 10.4 a 33.4 a 
Oct. 3.4 a 3.8 b 7.2 b 27.1 a 
Oct. + NI 3.8 a 4.8  b 8.5 b 29.8 a 
Control 3.1 a 1.3 c 4.4 c 20.3 a 
† TIN – total inorganic N. 
‡ Within column, soil depth and location, numbers followed by the same letter are not 

































































Figure 2.1 Soil N mineralization curves of fall-applied swine manure and control treatments in a 16-week incubation experiment for 
Locations 1 and 2. Soil samples were taken on Dec. 14, 2011. Each point is the mean of field and lab replicates, and bars 
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Figure 2.2 Cumulative net N mineralization (mg/kg) in relation to the square root of time (day1/2). (a) Location 1: 0-30 cm soil 
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Figure 2.3 Soil N mineralization in an 8-week incubation experiment for soil samples collected at Location 1 in 2012. Average 
manure total N input: 423 kg N/ha. Comparisons within soil depth and stage. Uppercase letters: overall treatment effect; 













































































































































































































































































































































































































Figure 2.4 Soil N mineralization in an 8-week incubation experiment for soil samples collected at Location 2 in 2012. Average 
manure total N input: 242 kg N/ha. Comparisons within soil depth and stage. Uppercase letters: overall treatment effect; 
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Figure 2.5 Soil N mineralization in an 8-week incubation experiment for soil samples collected at Location 3 in 2013. Average 
manure total N input: 166 kg N/ha. Comparisons within soil depth and stage. Uppercase letters: overall treatment effect; 
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Figure 2.6 Soil N mineralization in an 8-week incubation experiment for soil samples collected at Location 4 in 2013. Average 
manure total N input: 166 kg N/ha. Additional 67 kg N/ha was sidedressed to all manure treatments as UAN at corn V6 
stage before soil sampling. Comparisons within soil depth and stage. Uppercase letters: overall treatment effect; 







































































































































































































Figure 2.7 Soil residual inorganic N (mg/kg) after corn harvest at Location 1 and 2 in 2012. Comparisons within location and soil 
depth. Bars with the same letter were not significantly different at α = 0.05. Average manure total N input: 423 kg N/ha 
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Figure 2.8 Soil residual inorganic N (mg/kg) after corn harvest at Location 3 and 4 in 2013. Comparisons within location and soil 
depth. Bars with the same letter were not significantly different at α = 0.05. Average manure total N input: 166 kg N/ha. 
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Figure 2.9 N2O emissions from different treatments at Location 3. Average manure total N input: 166 kg N/ha No significant 
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Figure 2.10 In-situ cumulative N2O emission in g N/ha in 2013. Treatments with the 
same letter are not significantly different (α=0.05). (a) Location 3 - Early fall 
to planting interval; (b) Location 3 – Late fall to planting interval; (c) Location 
4 – Early fall to planting interval; (d) Location 4 – Late fall to planting 
interval; (e) Location 3 – Planting to Harvest interval; (f) Location 3 – July-




CHAPTER 3. MANURE APPLICATION TIMING AND INSTINCTTM IMPACTS ON 
CORN NITROGEN UPTAKE AND YIELD 
3.1 Abstract 
Optimized manure management is essential to ensure maximum crop nitrogen (N) 
utilization and to reduce the risk of N loss to the environment. Field studies were 
conducted in central Indiana at two locations during 2011-2012 and two other locations 
during 2012-2013 to assess liquid swine manure N availability to corn when manure is 
applied at different times with or without the nitrification inhibitor InstinctTM. We hope 
our study results can be used to improve swine manure N availability algorithms, 
improve crop N uptake and abate the negative impact of N losses from agroecosystems 
on the environment. Corn yield, grain N content, whole plant N concentrations at the V6 
growth stage, and ear leaf N concentrations at the R1 growth stage differed from year to 
year and were influenced by manure application timing and climatic conditions. A major 
drought occurred during the 2012 growing season and corn yield was not affected by 
manure application timing. In the 2013 growing season, spring liquid swine manure 
increased corn productivity and grain N content compared to early fall applications at one 
of two locations. The addition of 67 kg N/ha as UAN plus 56,100 L/ha swine manure 





Distinct climatic conditions of these two years were considered as a main source of 
yearly inconsistence. Corn growth and yield was unaffected by the addition of InstinctTM 
at various timings (fall, spring) at any location during this study. Primary factors that 
could have affected efficacy of this nitrification inhibitor include: i) InstinctTM runoff and 
leaching in the soil before nitrapyrin is released from the polymer microcapsules; ii) the 
release rate and concentration of nitrapyrin from InstinctTM with time in soil; iii) the 
sorption of released nitrapyrin by organic matter and clay minerals in soils; iv) the 
efficacy of released nitrapyrin on nitrifiers in varying soil moisture and temperature 






Nitrogen (N) is a primary essential nutrient needed by all plants to grow and develop. 
It is an important component of many structural, genetic and metabolic compounds in 
plant cells. Plants with N deficiency develop stunted growth, and older leaves become 
yellow or pale green due to the lack of chlorophyll as N is one of the basic components of 
this compound. The availability of applied N plays a major role in achieving maximum 
economic yield in nonleguminous crop production. In addition to commercial fertilizers, 
animal manures can be an important N source for crop nutrient management. Unlike 
fertilizers, the organic matter in animal manures can stimulate the growth of the microbial 
population, which can accelerate N mineralization from the soil organic pool and increase 
the risk of N losses (Rice et al., 1988). Many researchers are evaluating approaches to 
reduce manure N loss and improve manure N availability to crops. Nitrate (NO3-) 
leaching is a major source of N loss, especially in soils with excessive N applications and 
water movement through the soil profile. A 15-year long-term study by Kladivko (2004) 
indicated that annual NO3-N losses from subsurface tile drainage could be more than 67 
kg N ha-1, which is approximately one third of the typical N fertilizer application rate for 
corn production. Nitrate-N losses through denitrification to gaseous N can be substantial 
in poorly drained soils with high nitrification rates (Davidson and Swank, 1987). When 
abundant late spring rainfall occurs, soils can remain saturated for extended periods while 
soil temperatures are warm. As a result, substantial amounts of N can be lost via 
denitrification and leaching, which limits crop available N later in the growing season. 




optimizing manure application rate and timing, the use of nitrification inhibitors (NIs) 
and cover crops, and proper irrigation management. 
In the Midwest, farmers tend to apply manure to cropland in the fall due to storage 
limitations and favorable soil conditions. There are three advantages of fall manure 
applications: 1) manure often can be applied at more favorable soil moisture conditions 
for field operations which decreases the risk of soil compaction; 2) there is a reduced 
demand for labor and machinery compared to the busy spring planting season; and 3) 
delayed planting due to spring manure application can be avoided. However, fall and 
winter applications are often associated with potential environmental contamination due 
to the increased risk of nutrient loss (Smith et al., 2002; Hansen et al., 2004; Ruiz Diaz 
and Sawyer, 2008). Spring manure application, on the other hand, is considered superior 
to fall application because N losses are likely decreased due to the shorter time between 
N application and crop N uptake. In general, timing of amendment application can 
influence crop responses but often interacts with weather conditions (Warman, 1995; 
Talarczyk et al., 1996; Sanchez et al., 1997). For this reason, it is beneficial to assess 
manure N availability when applied at different times on a regional scale so that the 
influence of weather-driven soil N dynamics can be more accurately assessed. 
Nitrogen losses are of great concern when N is in the form of NO3-, due to its high 
mobility and activity in soils. Ammonium (NH4+) can be retained by negatively charge 
soil particles so leaching out of the root zone is limited. Nitrification inhibitors (NIs) are 
used to slow down the conversion from NH4+ to NO3- to keep N in the crop root zone 
longer, thereby reducing NO3- leaching and denitrification potential and increasing 




fertilizer N efficiency in certain situations when they are properly used (Keeney, 1980). 
A review by Nelson and Huber (1980) pointed out that NIs could reduce the loss of 
applied N, increase corn yield, decrease disease incidence and improve grain quality in 
the eastern Cornbelt under certain conditions. Many studies have shown that NIs are 
effective in delaying nitrification when N is fall-applied compared to early spring-applied 
N, likely due to greater inhibition effectiveness and low nitrification activity 
(Hendrickson et al., 1979; Keeney, 1980; Nelson and Huber, 1980; Hoeft, 1984).  
Nitrapyrin is the most commonly used NI. Technological advancements have 
allowed nitrapyrin (volatile, low solubility) to be microencapsulated (registered as 
InstinctTM by Dow AgroSciences, Inc.) for use in liquid fertilizers and manures. Many 
studies have shown that the effect of nitrapyrin in manured soils was not uniform across 
soil types. The inhibition of nitrification when nitrapyrin is mixed with manure N 
depends largely on the rate of nitrapyrin application, and the timing and method of 
manure application (Wolt, 2000). Until recently, the efficacy of InstinctTM at controlling 
nitrification in manure-treated soils has not been evaluated. We hope to expand our 
efforts to better understand and estimate manure N availability, which can be further used 
to make manure nutrient management plans that improve crop N uptake and abate the 
negative impact of N losses from agroecosystems on the environment. 
The purposes of this study were to:  
1) evaluate the impact of liquid swine manure application timing on corn grain yield 
and grain N content; and 
2) quantify the ability of InstinctTM to improve corn yield when liquid swine manure 




3.3 Materials and Methods 
3.3.1 Field-Scale Swine Manure Application Experiment 
The study was conducted from August 2011 to November 2012 on two field sites 
(Location 1: 40˚23’54” N, 86˚15’15” W; Location 2: 40˚27’14” N, 85˚6’13” W) and 
from August 2012 to November 2013 on two other sites (Location 3: 40˚15’22” N, 
85˚9’14” W; Location 4: 40˚9’38” N, 85˚3’34” W) in central and east-central Indiana, 
U.S. These locations were selected because this area of the state has a large number of 
swine production operations. Selected soil properties of the four study sites are presented 
in Table 3.1. The soil was cropped to wheat (Triticum aestivum L.) before manure 
application at all locations. The study was carried out in a randomized complete block 
design, with four replications at Location 1 and three replications at the other three 
locations. Plot size was 16 m wide (16 twin rows) by 210 m long at Location 1, 18 m 
wide (24 rows) by 240 m long (plot 1-18) and 18 m wide by 145 m long (plot 19-33) at 
Location 2, 9 m wide (12 rows) by 100 m long at Location 3, 12 m wide (16 rows) by 
180 m at Location 4. Treatments were different swine manure application time (August, 
September, October, November, and April) with or without the use of InstinctTM. For 
treatments that received a NI, InstinctTM was mixed with manure at the rate of 2.6 L/ha 
prior to manure application. Three commercial fertilizer N rate treatments (134, 179, and 
224 kg N/ha) were applied to plots not receiving manure to determine the manure N 
availability equivalency of each application time. Manure was injected into the soil at the 
time of application at four locations except for the spring manure application treatments 
at Location 3. Due to the lack of availability of an on-farm manure applicator, spring 




the same day on plots that were designed to receive spring manure with InstinctTM. 
Anhydrous ammonia (82-0-0) was injected into soil at planting at Location 1, and urea 
ammonium nitrate (28-0-0) was sidedressed at Locations 2, 3 and 4 in the fertilizer plots. 
Starter fertilizer was applied at 17 kg N/ha in the form of UAN (28-0-0) at Locations 2, 3 
and 4 at planting. At Location 4, no spring manure application was made due to the wet 
soil conditions in the spring of 2013 and an additional 67 kg N/ha as UAN was applied to 
the fall-applied manure plots. The actual manure application date was chosen depending 
on weather variables. Corn (Zea mays L.) was planted in April 2012 and May 2013. 
Table 3.2 shows the actual manure application dates, corn planting and harvest dates. 
Liquid swine manure rates for each application were 65,500 L/ha at Locations 1 and 2, 
and 56,100 L/ha at Locations 3 and 4. A 1-L manure sample was collected immediately 
before manure was applied to the plots at every application time. Samples were stored 
frozen at -20 ˚C until they were analyzed. Manure total N (Kjeldahl method, UW A3769 
III.3.2), NH4+-N (Distillation method, UW A3769 III.4.1) and organic N (derived by total 
N minus NH4+-N) concentrations were determined in a commercial laboratory (A&L 
Great Lakes Laboratories, Fort Wayne, IN). Due to the variability of swine manure 
analysis, the total N applied each time at the four locations is listed in Table 3.3.  
Indiana has a climate with four distinct seasons. Winters are often cold and summers 
are usually humid and hot. The collision between cold continental polar air and warm air 
from Gulf region can produce an active spring with thunderstorms and tornadoes. 
Autumn is mostly sunny and low in humidity. While droughts occasionally occur in the 
summer in Indiana, precipitation totals are relatively equally distributed throughout the 




from 1981-2010). Soils usually become saturated with water several times during the 
winter and spring. Table 3.4 - 3.7 shows the temperature fluctuation and precipitation 
during the two study years, as well as 1981-2010 normals. 
 
3.3.2 Tissue Sampling 
Tissue N concentrations were tested by randomly sampling whole plants (25 
plants/plot) in the center two rows when corn was at the six-leaf (V6) stage and by 
sampling ear leaf (20 leaves/plot) at silking (R1). Plant and leaf samples were dried at 60 
˚C, weighed, and then ground to pass a 1 mm sieve. Total N concentrations (Combustion 
method, AOAC 990.03) in tissue samples were determined in a commercial laboratory 
(A&L Great Lakes Laboratories, Fort Wayne, IN). 
 
3.3.3 Grain Sampling and Yield Data Collection 
Grain yield was measured from the experimental plots in 2012 and 2013, after the 
plants had achieved physiological maturity, and the grain moisture was below 20%. The 
grain yield data were obtained by harvesting the center rows (12 twin rows at Location 1; 
12 rows at Location 2; 6 rows for Locations 3 and 4) of every plot with a combine. Corn 
ear samples were also collected (20 ears/plot) within the two rows closest to the harvested 
center rows by hand. Ear samples were dried at 60 ˚C and then shelled. Duplicates of 500 
kernels from each plot at all locations were counted, dried at 60 ˚C until the difference 
between last two weight measurements were smaller than 0.1 g. Final dry weight of 500-
count kernel weight were weighed and recorded in duplicates. All the grain samples were 




tissue and grain samples were analyzed in a commercial laboratory for total N 
(Combustion method, AOAC 990.03) and other macronutrient (microwave digestion and 
ICP determination, AOAC 975.03B(b)/985.01) concentrations (A&L Great Lakes 
Laboratories, Fort Wayne, IN). Grain N content data were calculated by multiplying 
grain dry weight by corresponding N concentration in each plot. 
 
3.3.4 Soil Sampling 
Soil samples were collected from the four experimental sites at 0-30 cm and 30-60 
cm depths at three different sampling times: corn planting, V6 growth stage after 
sidedress, and after harvest. Soil samples were taken with a stainless steel probe between 
the two center-rows of every plot in 3 sets of 5 subsamples; with 2 subsamples towards 
the application band/corn row and 3 subsamples in between the bands/corn rows. A total 
of 15 subsamples were collected in every plot to obtain one composite sample at each 
depth. Soil samples were air-dried and then ground to pass a 2 mm sieve. Exchangeable 
NO3-N and NH4-N were extracted by adding 50 ml of 1 M KCl to 5 g soil in a 125 ml 
Erlenmeyer flask and shaking (170 rpm - revolutions per minute) for 1 hour. The filtrate 
was collected in 20 ml capped polyethylene scintillation polyethylene vials. A few drops 
of chloroform were then added to inhibit microbial activity and the samples were stored 
at 4 ˚C until further analysis. The concentrations of inorganic NO3-N and NH4-N were 
determined by colorimetric analyses using a continuous flow analyzer (Skalar Analytical 
B. V, The Netherlands). Soil total inorganic N for each plot was derived by summation of 





3.3.5 Statistical Analysis 
SAS 9.3 version (SAS Institute, 2012) was used for all statistical analyses. The 
normality of distribution of all the data was assessed and original data were used for all 
statistical analyses. The GLM procedure was performed for a randomized complete block 
design (RCBD) to determine the effects of manure application timing, the use of 
InstinctTM and their interaction on: i) corn tissue N concentrations at two growth stages 
(V6 and R1); ii) corn yield and grain N content; and iii) soil inorganic N content. The 
MEANS procedure with the LSD option was used for means separation for significant 
effects. 
 
3.4 Results and Discussion 
3.4.1 In-season V6 Stage Aboveground Plant N Concentrations and Dry Weight 
Corn whole plant N concentrations at the V6 growth stage were at published 
sufficient levels, 3-4% (Campbell and Plank, 2000), for all treatments at Locations 1, 2, 
4, and for the fertilizer treatments plots at Location 3 (Figure 3.1). No apparent 
differences were found among various fall and spring manure application timing 
treatments except that whole plant N concentrations of early fall manure applications 
(August and September) at Location 1 were significantly lower than other treatments at 
Location 1.  This difference may be explained by lower inorganic N levels in the soil that 
received early fall manure at the time of corn planting (Figure 3.2). This result suggests 
that N in liquid swine manure, when applied in early fall, is subjected to significant N 
losses through leaching to the deeper soil profile and denitrification to the atmosphere 




applications did not affect corn N concentration at V6 as much, probably due to low 
microbial activity at lower soil temperatures following application that resulted in less 
NO3--N loss. Less manure total N was applied at Location 3 and likely contributed to the 
lower N concentration in whole plants of manure treatments regardless of application 
time or the use of InstinctTM. The additional 67 kg N/ha of UAN sidedressed in manure 
plots at Location 4 contributed to sufficient corn plant N concentrations. No effect of 
InstinctTM on whole plant N concentrations at V6 were found at any location. 
Swine manure application timing had variable effect on aboveground plant dry 
weight of corn at the V6 growth stage (Table 3.8). While fall manure treatments had 
greater aboveground plant dry weights than spring manure treatments at Location 1, at 
Location 3 greater aboveground plant dry weights were found in spring and late fall 
manure treatments compared to early fall manure treatments. Distinct climatic conditions 
during the growing season may attribute to this contrast in results at Location 1 and 
Location 3. No significant difference in corn aboveground plant dry weight was detected 
at Location 2 and Location 4. Aboveground plant weight on average was smaller at 
Location 1 (4.9 g/plant) than Location 2 (6.7 g/plant), likely due to higher plant density at 
Location 1. A high seeding rate may result in more plants with smaller plant sizes. Corn 
plant weight is also influenced by factors that affect plant growth, such as nutrient 
availability, soil type and climatic conditions. 
The 2012 drought also played an important role in corn growth at Locations 1 and 2. 
Limited rainfall from May to July resulted in corn water stress where stunted growth was 
observed for corn across the state. Corn plant growth in the commercial fertilizer 




attributable to the earlier planting date at Location 1, which left larger corn plants that 
had greater drought tolerance when the 2012 drought persisted from May to July. Severe 
water stress when corn plants were younger at Location 2 would further limit corn growth 
and N availability, and likely resulted in no manure treatment effects on plant weight and 
plant N concentration. 
 
3.4.2 In-season R1 Stage Ear Leaf N Concentrations 
The N concentrations of corn ear leaves at early silking (R1) has been used to 
identify N deficiencies that could lead to lower yields (Ritchie and Benson, 1993; 
Ransom and Endres, 2014). Ear leaf N concentrations in the range from 2.8% to 4.0% at 
tasseling/bloom are considered sufficient for corn growth (Campbell and Plank, 2000). 
The N concentration of corn ear leaf samples at the R1 growth stage were within 
published sufficiency level values for all treatments at Location 4, and ear leaf N 
concentrations were near the sufficiency level at Location 1 (Figure 3.3). However, ear 
leaf tissue N concentrations at the R1 growth stage were far below published sufficiency 
level values for all treatments at Location 2 and for the manure treatments at Location 3 
(Figure 3.3). The high N analysis of manure applied at Location 1 and the extra fertilizer 
N applied at Location 4 were likely the main reasons for their adequate and consistent N 
concentrations in ear leaf samples collected at the R1 growth stage at these locations. No 
effect of InstinctTM on ear leaf N concentrations were found at any location. 
As a result of water stress during 2012 drought at Location 1 and 2, no differences in 
corn ear leaf N concentrations at the R1 growth stage were found across treatments 




treatments during V6 soil sampling (Figure 3.2, Figure 3.4). Manure N availability was 
restricted during the 2012 drought since nutrients must be in moist soil for effective root 
uptake.  
In 2013, ear leaf N concentrations at the R1 growth stage were significantly lower 
for the early fall manure application treatments (August and October) compared to late 
fall (November) or spring (May) manure application at Location 3. The inadequate N 
level in early fall-applied manure treatments also negatively impacted corn grain yield 
(Table 3.9). 
 
3.4.3 Corn Yield Response, Grain N Content and Kernel Weight 
3.4.3.1 Influence of Nitrification Inhibitor 
In our field study in the 2011-2012 and the 2012-2013 research years in central and 
east-central Indiana, no significant effects on corn yield response, grain N concentrations 
or grain N content were observed from the use of InstinctTM with manure application 
(Table 3.9 – 3.11). Similar results with nitrapyrin, the active ingredient in InstinctTM, on 
corn yield were reported in previous research (Hendrickson et al., 1978; Westerman et 
al., 1981; Cerrato and Blackmer, 1990;). Westerman et al. (1981) found that although 
spring-applied nitrapyrin (0.56 kg ha-1) tended to increase the total N retained in the 
surface 15 cm of soil for up to 132 d post-application, the effect was seldom significant. 
Hendrickson et al. (1978) noted that nitrapyrin added to fall- and spring-applied N did not 




InstinctTM had variable effects on thousand kernel weight of corn when applied with 
March and April swine manure applications at Location 2, while thousand kernel weights 
at the other three locations were not affected by InstinctTM (Table 3.12). At Location 2, 
March manure application with InstinctTM had lower kernel weight (167 g/1000 kernels) 
than March manure application without InstinctTM (181 g/1000 kernels); April manure 
application with InstinctTM improved kernel weight (176 g/1000 kernels) compared to 
April manure application without InstinctTM (167 g/1000 kernels). Uhart et al. (1995) 
found that variations in N availability affect growth and development of corn and may 
lead to changes in kernel weight. Our results at Location 2 could be due to improved N 
availability in soil with InstinctTM in the April manure application, but there were no 
impacts on grain yield.  
Such inconsistence in performance of NIs at the research-field scale can be attributed 
to complex interactions among crop management, N input rates, soil properties, length of 
trial, and environmental factors (Wolt, 2004). Hoeft (1984) proposed that the potential 
benefit from NIs decreased the nearer N was applied to the time of crop need as the 
potential for N loss was lower. The greatest potential for benefit would occur when NIs 
are used at or below optimum N rates (Hoeft, 1984), or during seasons or with soil types 
having excess N losses. Prevailing climatic conditions often preclude significant effects 





3.4.3.2 Influence of Climatic Conditions 
In 2012, manure application time had no impact on corn grain yield due to the 2012 
drought. Limited rainfall from May to July was a critical factor affecting corn growth, 
especially at Location 2 (Table 3.5). Water stress before silking may cause ears to fail to 
develop while stress after pollination may result in reduced kernel numbers or kernel 
abortion (Frey, 1981). Therefore, even though there were differences in soil inorganic N, 
water availability limited corn growth more than N availability. Vetsch and Randall 
(2004) also noted that under normal to drier-than-normal April and May conditions, 
differences between the performances of fall- and spring-applied ammonia were not 
observed in Minnesota soils.  
Water holding capacity of different soils was considered as the primary soil property 
that would have affected yield during the 2012 growing season. Corn yield differed 
among soil types at Location 1 (Figure 3.5). Corn yield on the Brookston silty clay loam 
soil (water holding capacity: 18.1 cm H2O/100 cm soil for 0-122 cm soil depth; corn 
yield: 13.3 Mg/ha) was significantly higher (P-value: 0.004) than corn yield on the 
Crosby silt loam soil (water holding capacity: 16.8 cm H2O/100 cm soil for 0-122 cm soil 
depth; corn yield: 10.3 Mg/ha). Higher clay content and organic matter in the soil enable 
the Brookston soil to hold more water than the Crosby soil. Hatfield and Prueger (2001) 
also reported seasonal water use by corn varied by soil type in central Iowa. 
It is worth noting that weather conditions in early spring could have a greater effect 






3.4.3.3 Influence of Manure Application Timing 
In 2012, there were no yield differences among manure application times, which is 
similar to the results of Ruiz Diaz and Sawyer (2008) in Iowa. Grain N concentrations 
were consistent, with an average grain N concentration of 1.4 %. In 2013, at Location 3, 
early-fall manure application treatments had significantly lower grain yield compared to 
treatments receiving spring-applied manure, indicating increased N use efficiency when 
manure was applied closer to corn N demand. This result was consistent with the ear leaf 
N concentrations in this study. Early fall manure N was susceptible to a longer period of 
N loss, plus a longer period of environmental conditions where soil temperature and 
moisture favors nitrification, denitrification and NO3- leaching. Incorporation of swine 
manure increased thousand kernel weight compared to surface broadcast application in 
May at Location 3 (Table 3.12). Vetsch (2013) also reported that delaying application of 
swine manure from October to November increased corn grain yield in 2 out of 3 years 
on a clay loam Mollisol in Minnesota. Manure applied in late spring provided more N for 
corn growth, and therefore higher grain N content, as compared to early-fall manure 
applications. Randall and Vetsch (2005) also reported that, in a six-year study on a clay 
loam soil in Minnesota, significantly higher grain yields and annual economic return to 
fertilizers were observed for spring applications compared to fall applications of 
anhydrous ammonia regardless of NI use. They concluded that above normal May 
rainfall (142 mm) affected the performance of the fall treatments.  
At Location 3, grain N concentrations ranged from 0.87% for the August and 
October manure treatments to 1.15% in the 224 kg N/ha fertilizer treatment. Moreover, 




N/ha; 10,000 kg grain/ha) and medium N rate (179 kg N/kg; 9,500 kg grain/ha) showed 
significantly higher yield and grain N than low N rate (134 kg N/ha; 8,300 kg grain/ha). 
Corn in the manure-treated soils showed significantly lower grain yield and less grain N 
content than those in fertilizer-treated plots (5,100 – 7,100 kg grain/ha in manure-treated 
soils and 8,300 – 10,000 kg grain/ha in fertilizer-treated soils). Hernandez-Ramirez et al. 
(2011) also found total aboveground N uptake to be significantly higher in UAN 
treatments than liquid swine manure treatments on two Mollisols in Indiana.  
At Location 4, the additional fertilizer N applied in the manure treatments led to no 
significant differences in yield or grain N content, with an average yield of 12.7 Mg/ha 
and a grain N concentration of 1.19 %, suggesting in a normal climate year like 2013, an 
additional 67 kg N/ha as fertilizer sidedressed N together with 166 kg N/ha as manure 
total N in previous fall will lead to optimum yields.  
 
3.5 Conclusions 
In summary, spring liquid swine manure showed higher corn productivity and grain 
N content compared to early fall applications only in one location during 2013, while 
during the 2012 growth year corn productivity appeared to be unaffected by various 
manure timings, most likely due to the 2012 drought. An application of 67 kg N/ha as 
UAN plus 166 kg N/ha of manure total N application provided enough N for corn growth 
at the other location in 2013. Distinct climatic conditions of these two years were 
considered the main source of yearly inconsistence, suggesting the impact of weather 
variability on loss of N. Similar to our study, these wide year-to-year fluctuations in N 




many other studies (Randall et al., 2003; Berenguer et al., 2008; Hernandez-Ramirez et 
al., 2011). Hernandez-Ramirez et al. (2011) concluded that variations in both manure 
characteristics and weather conditions across the experimental years could be the primary 
causes for such inter-annual variations.  
Corn growth and yield was not affected by the addition of InstinctTM at various 
timings (fall, spring) at any location in either experimental year. Primary factors that 
could have affected the efficacy of InstinctTM include: i) InstinctTM runoff and leaching in 
the soil before nitrapyrin is released from the polymer microcapsules; ii) the release rate 
and concentration of nitrapyrin from InstinctTM with time in soil; iii) the sorption of 
released nitrapyrin by organic matter and clay minerals in soils; iv) the efficacy of 
released nitrapyrin on nitrifiers in varying soil moisture and temperature conditions in the 
field and v) insufficient rainfall to cause significant N loss in the field. In a laboratory 
study, Menelas (2014) found that less than 15% of the nitrapyrin was released from 
InstinctTM microcapsules after 70 days of incubation using a water-hexane interface 
extraction at 25 ˚C. Limited nitrapyrin release rates from InstinctTM in the soil system 
could be another factor contributing to the limited efficacy from InstinctTM detected at 
various application timings. Further studies on nitrapyrin release from InstinctTM 
involving soil slurry instead of water could provide more insight into the efficacy of 
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 Table 3.1 Selected soil properties of four experimental sites. 
Soil Property Location 1 (40˚23’54” N,  
  86˚15’15” W) 
Location 2 
(40˚27’14” N,  
85˚6’13” W) 
Location 3 
(40˚15’22” N,  
85˚9’14” W) 
Location 4 
(40˚9’38” N,  
   85˚3’34” W) 
pH†  6.90  6.90  6.95  7.05 
Organic Matter† (%)  3.0  2.5  3.5  2.7 
CEC† (cmolc/kg)  15.7  17.2  16.5  15.5 
NO3-N† (mg/kg)  5.6  3.0  3.7  4.6 
NH4-N† (mg/kg)  4.2  3.7  1.2  0.7 
† Average results of 0-30 cm and 30-60 cm soil samples from control, collected Dec. 14, 2011 at Location 1 and 2 and Nov. 20, 
2012 at Location 3 and 4; Determination method: pH – 1:1 soil:water; Organic matter – loss on ignition; CEC – Mehlich-3 
















August manure 8/17/2011 m† 8/22/2012 8/22/2012 
September manure 9/13/2011 m n/a‡ n/a 
October manure 11/1/2011 m 10/12/2012 10/12/2012 
November manure n/a n/a 11/19/2012 11/19/2012 
March manure 3/20/2012 m n/a n/a 
April manure 4/05/2012 m n/a n/a 
May manure n/a n/a 5/20/2013 n/a 
Planting 4/18/2012 4/27/2012 5/21/2013 5/2/2013 
Sidedress n/a 5/18/2012 6/05/2013 6/05/2013 
Harvest 10/17/2012 11/27/2012 11/08/2013 10/03/2013 
† Missing data; 
















 ----------------------------------------------------- kg/ha -------------------------------------------------------- 
 NH4+-N Total N NH4+-N Total N NH4+-N Total N NH4+-N Total N 
August  276 426 193±1 243±9 m† m m m 
September  322±11 417±8 196±2 255±7 n/a‡ n/a n/a n/a 
October  319±1 418±1 192±2 256±27 103±0 138±17 103±0 138±17 
November  n/a n/a n/a n/a 129±5 194±1 129±5 194±1 
March  317±6 476±7 185±4 231±6 n/a n/a n/a n/a 
April  291±6 379±19 185±1 224±15 n/a n/a n/a n/a 
May  n/a n/a n/a n/a 113 165 n/a n/a 
† Missing data; 





Table 3.4 Interpolated air temperature and precipitation during experimental years and 
30-year normals data at Location 1 (40˚23’54” N, 86˚15’15” W). 
Month 













January -4.6 21 -0.8 53 -3.6 53.34 
February -0.3 64 1.1 31 -1.8 49.02 
March 5.0 45 12.3 68 3.3 72.14 
April 11.9 156 11.2 39 10.0 92.96 
May 17.4 123 19.7 44 15.9 111.76 
June 22.6 163 22.2 14 21.1 107.7 
July 26.2 76 26.0 144 22.8 121.41 
August 22.5 138 21.2 104 21.8 90.17 
September 17.0 124 17.2 214 17.9 75.44 
October 12.0 56 10.6 102 11.4 74.93 
November 7.6 200 4.5 11 5.4 86.11 
December 2.0 121 2.6 64 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 





Table 3.5 Interpolated air temperature and precipitation during experimental years and 
30-year normals data at Location 2(40˚27’14” N, 85˚6’13” W). 
Month 













January -5.5 29 -0.7 43 -3.6 53.34 
February -1.2 83 1.2 26 -1.8 49.02 
March 4.7 65 11.8 54 3.3 72.14 
April 11.5 124 11.0 28 10.0 92.96 
May 16.9 136 19.6 38 15.9 111.76 
June 22.4 76 22.1 16 21.1 107.7 
July 26.1 39 25.8 69 22.8 121.41 
August 22.2 86 21.3 62 21.8 90.17 
September 16.7 89 17.2 121 17.9 75.44 
October 11.7 66 10.6 73 11.4 74.93 
November 7.8 118 4.6 10 5.4 86.11 
December 2.3 77 2.7 38 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 





Table 3.6 Interpolated air temperature and precipitation during experimental years and 
30-year normals data at Location 3 (40˚15’22” N, 85˚9’14” W). 
Month 













January -0.7 43 -1.0 53 -3.6 53.34 
February 1.2 24 -1.1 20 -1.8 49.02 
March 12.2 68 1.4 22 3.3 72.14 
April 11.2 29 10.9 90 10.0 92.96 
May 19.7 49 18.5 64 15.9 111.76 
June 22.0 12 21.4 100 21.1 107.7 
July 25.9 63 21.9 49 22.8 121.41 
August 21.4 60 21.4 46 21.8 90.17 
September 17.2 132 18.7 53 17.9 75.44 
October 10.8 74 12.2 64 11.4 74.93 
November 4.6 10 3.6 33 5.4 86.11 
December 2.8 38 -1.5 51 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 





Table 3.7 Interpolated air temperature and precipitation during experimental years and 
30-year normals data at Location 4 (40˚9’38” N, 85˚3’34” W). 
Month 













January -0.7 42 -0.9 50 -3.6 53.34 
February 1.5 19 -1.0 18 -1.8 49.02 
March 12.1 63 1.5 24 3.3 72.14 
April 11.1 34 11.1 79 10.0 92.96 
May 19.8 45 18.4 63 15.9 111.76 
June 22.1 16 21.4 84 21.1 107.7 
July 25.9 63 22.0 49 22.8 121.41 
August 21.5 60 21.5 34 21.8 90.17 
September 17.3 134 18.9 50 17.9 75.44 
October 11.0 76 12.3 68 11.4 74.93 
November 4.6 9 3.8 33 5.4 86.11 
December 3.0 43 -1.0 52 -1.4 65.79 
† Interpolated weather data from forecast.io (retrieved on Oct. 7, 2014). 




 Table 3.8 Corn aboveground plant dry weight at V6 growth stage as affected by swine manure timing and NI at four locations. 




2011-2012  2012-2013 
N timing / rate NI Location 1 Location 2 N timing / rate NI Location 3 Location 4† 
   -------grams/plant-------   --------grams/plant-------- 
Manure August (426, 243)‡ (-)   5.5 a    6.9   August (-)   4.3 c 5.8 
 September (417, 255) (-)   5.4 ab 6.5   October (138)§ (-)   4.9 bc 6.3 
 October (418, 256) (-)   5.0 bc 6.7   October (138) (+)   4.2 c 6.4 
 October (418, 256) (+)   5.4 ab 6.7   November (194) (-)   6.1 ab 6.4 
 March (476, 231) (-)   4.3 e 6.9   November (194) (+)   6.5 ab 6.0 
 March (476, 231) (+)   4.8 cd 7.7   May surface (165) (-)   6.9 a n/a 
 April (379, 224) (-)   4.7 cde 6.9   May (165) (-)   7.6 a n/a 
 April (379, 224) (+)   4.4 de 7.1     
Fertilizer¶ 134 kg N/ha (-)   4.8 cd 6.5   134 kg N/ha (-)   6.1 ab 5.4 
 179 kg N/ha (-)   4.5 de 5.9   179 kg N/ha (-)   6.4 ab 6.7 
 224 kg N/ha (-)   4.6 cde 6.1   224 kg N/ha (-)   6.9 a 5.2 
P>F     <0.0001 0.18     0.005 0.27 
LSD (α=0.05)    0.5 -     1.7 - 
† Additional 67 kg N/ha as UAN (28-0-0) was sidedressed on all manure treatments. 
‡ Numbers in parentheses: total manure N rates applied at Location 1 and 2, respectively. 
§ Number in parentheses: total manure N rate at Location 3 and 4. 
¶ Commercial fertilizer source: anhydrous ammonia (82-0-0) at Location 1, urea ammonium nitrate (UAN) (28-0-0) at Location 2, 




Table 3.9 Corn yield response to swine manure application timing and InstinctTM for four experimental sites. Comparisons within 




2011-2012  2012-2013 
N timing / rate NI Location 1 Location 2 N timing / rate NI Location 3 Location 4† 
   -----------Mg/ha-----------   
-------------Mg/ha----------
-- 
Manure August (426, 243)‡ (-) 11.2 5.1     August (-) 5.1 f 12.2 
 September (417, 255) (-) 12.2 4.8     October (138)§ (-) 5.6 ef 13.5 
 October (418, 256) (-) 12.1 4.8     October (138) (+) 5.5 ef 12.1 
 October (418, 256) (+) 10.2 5.2     November (194) (-) 6.1 de 12.0 
 March (476, 231) (-) 11.1 5.2     November (194) (+) 6.3 cde 12.7 
 March (476, 231) (+) 10.6 5.0     May surface (165) (-) 7.1 c n/a 
 April (379, 224) (-) 11.5 5.2     May (165) (-) 6.9 cd n/a 
 April (379, 224) (+) 12.6 5.3     
Fertilizer¶ 134 kg N/ha (-) 11.6 5.7     134 kg N/ha (-) 8.3 b 12.2 
 179 kg N/ha (-) 11.0 7.5     179 kg N/ha (-) 9.5 a 13.5 
 224 kg N/ha (-) 11.9 6.0     224 kg N/ha (-) 10.0 a 13.5 
P>F   0.42 0.35   <0.0001 0.19 
† Additional 67 kg N/ha as UAN (28-0-0) was sidedressed on all manure treatments. 
‡ Numbers in parentheses: total manure N rates applied at Location 1 and 2, respectively. 
§ Number in parentheses: total manure N rate at Location 3 and 4. 
¶ Commercial fertilizer source: anhydrous ammonia (82-0-0) at Location 1, urea ammonium nitrate (UAN) (28-0-0) at Location 2, 
3, and 4. 
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 Table 3.10 Grain N concentrations as affected by swine manure application timing and InstinctTM for four experimental sites. 




2011-2012  2012-2013 
N timing / rate NI Location 1 Location 2 N timing / rate NI Location 3 Location 4† 
   ------------g/kg-----------   -------------g/kg------------ 
Manure August (426, 243)‡ (-) 14.3 15.1     August (-)     8.7 bc 11.4 
 September (417, 255) (-) 14.9 14.1     October (138)§ (-)     8.7 bc 12.5 
 October (418, 256) (-) 14.3 13.5     October (138) (+)     8.2 c 11.7 
 October (418, 256) (+) 14.6 12.0     November (194) (-)     9.1 bc 12.0 
 March (476, 231) (-) 14.7 15.2     November (194) (+)     8.8 bc 12.1 
 March (476, 231) (+) 14.9 13.4     May surface (165) (-)     8.4 bc n/a 
 April (379, 224) (-) 14.4 13.7     May (165) (-)     8.8 bc n/a 
 April (379, 224) (+) 14.9 16.4     
Fertilizer¶ 134 kg N/ha (-) 14.0 15.1     134 kg N/ha (-)     9.8 b 12.4 
 179 kg N/ha (-) 14.2 13.8     179 kg N/ha (-)     11.4 a 11.9 
 224 kg N/ha (-) 14.2 14.4     224 kg N/ha (-)     11.5 a 11.6 
P>F   0.84 0.13       0.0008 0.51 
† Additional 67 kg N/ha as UAN (28-0-0) was sidedressed on all manure treatments. 
‡ Numbers in parentheses: total manure N rates applied at Location 1 and 2, respectively. 
§ Number in parentheses: total manure N rate at Location 3 and 4. 
¶ Commercial fertilizer source: anhydrous ammonia (82-0-0) at Location 1, urea ammonium nitrate (UAN) (28-0-0) at Location 2, 
3, and 4. 
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 Table 3.11 Grain N content as affected by swine manure application timing and InstinctTM for four experimental sites. 




2011-2012  2012-2013 
N timing / rate NI Location 1 Location 2 N timing / rate NI Location 3 Location 4† 
   --------kg N/ha-----------   ----------kg N/ha--------- 
Manure August (426, 243)‡ (-) 135 65     August (-)     38 e 117 
 September (417, 255) (-) 154 57     October (138)§ (-)     41 cde 143 
 October (418, 256) (-) 146 55     October (138) (+)     38 de 120 
 October (418, 256) (+) 126 53     November (194) (-)     48 cde 122 
 March (476, 231) (-) 138 67     November (194) (+)     47 cde 130 
 March (476, 231) (+) 133 57     May surface (165) (-)     50 cd n/a 
 April (379, 224) (-) 140 60     May (165) (-)     52 c n/a 
 April (379, 224) (+) 159 73     
Fertilizer¶ 134 kg N/ha (-) 137 73     134 kg N/ha (-)     69 b 128 
 179 kg N/ha (-) 132 87     179 kg N/ha (-)     91 a 136 
 224 kg N/ha (-) 143 73     224 kg N/ha (-)     97 a 132 
P>F   0.14 0.30       <0.0001 0.21 
† Additional 67 kg N/ha as UAN (28-0-0) was sidedressed on all manure treatments. 
‡ Numbers in parentheses: total manure N rates applied at Location 1 and 2, respectively. 
§ Number in parentheses: total manure N rate at Location 3 and 4. 
¶ Commercial fertilizer source: anhydrous ammonia (82-0-0) at Location 1, urea ammonium nitrate (UAN) (28-0-0) at Location 2, 




 Table 3.12 Corn 1000-kernel weight as affected by swine manure application timing and InstinctTM for four experimental sites. 




2011-2012  2012-2013 
N timing / rate NI Location 1 Location 2 N timing / rate NI Location 3 Location 4† 
   -----------grams-----------   -----------grams------------ 
Manure August (426, 243)‡ (-) 302.6 bc 340.8 cd     August (-) 248.8 cde 270.6 ab 
 September (417, 255) (-) 308.2 ab 333.0 de     October (138)§ (-) 251.0 cde 268.4 ab 
 October (418, 256) (-) 314.4 a 330.2 de     October (138) (+) 248.6 cde 278.4 a 
 October (418, 256) (+) 310.0 ab 323.6 e     November (194) (-) 243.8 de 269.2 ab 
 March (476, 231) (-) 312.2 ab 362.4 ab     November (194) (+) 256.4 bcde 278.0 a 
 March (476, 231) (+) 311.8 ab 334.0 de     May surface (165) (-) 240.6 e n/a 
 April (379, 224) (-) 306.4 ab 333.6 de     May (165) (-) 261.2 abcd n/a 
 April (379, 224) (+) 312.8 ab 351.4 bc     
Fertilizer¶ 134 kg N/ha (-) 292.2 cd 331.4 de     134 kg N/ha (-) 265.6 abc 257.0 c 
 179 kg N/ha (-) 302.6 bc  368.6 a     179 kg N/ha (-) 273.4 ab 269.8 ab 
 224 kg N/ha (-) 285.8 d 362.2 ab     224 kg N/ha (-) 275.4 a 266.0 bc 
P>F   <0.0001 <0.0001   0.002 0.01 
LSD (α=0.05)  10.4 16.4   18.4 10.8 
† Additional 67 kg N/ha as UAN (28-0-0) was sidedressed on all manure treatments. 
‡ Numbers in parentheses: total manure N rates applied at Location 1 and 2, respectively. 
§ Number in parentheses: total manure N rate at Location 3 and 4. 
¶ Commercial fertilizer source: anhydrous ammonia (82-0-0) at Location 1, urea ammonium nitrate (UAN) (28-0-0) at Location 2, 
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Figure 3.1 Corn whole plant tissue N concentrations at corn V6 growth stage. Horizontal 
lines denote the published corn plant sufficiency N range at V6 growth stage. 
Comparisons within location. Bars without letters or with the same letter were 
not significantly different at α = 0.05. Average manure total N input: 423 kg 
N/ha at Location 1, 242 kg N/ha at Location 2, 166 kg N/ha at Location 3 and 
4. Additional 67 kg N/ha was sidedressed to all manure treatments as UAN 









































































































































































































Figure 3.2 Soil inorganic N concentrations at Location 1 in 2012. Average manure total N 
input: 423 kg N/ha. Comparisons within location and soil depth. Bars without letters or 






































































































































































































































































Figure 3.3 Corn ear leaf N concentrations at corn R1 growth stage. Horizontal lines 
denote the published corn ear leaf sufficiency N range at R1 growth stage. 
Comparisons within location. Bars without letters or with the same letter were 
not significantly different at α = 0.05. Average manure total N input: 423 kg 
N/ha at Location 1, 242 kg N/ha at Location 2, 166 kg N/ha at Location 3 and 






































































































































































































































































































Figure 3.4 Soil inorganic N concentrations at Location 2 in 2012. Average manure total N 
input: 242 kg N/ha. Comparisons within location and soil depth. Bars without 







Figure 3.5 Corn yield response and soil type interaction at Location 1. Bs: Brookston silty 
clay loam soil, water holding capacity 18.1 cm H2O/100 cm soil with corn yield 13.3 
Mg/ha; CsA: Crosby silt loam soil, water holding capacity of 16.8 cm H2O/100 cm soil 











































































































































































































































































































Figure 3.6 Soil inorganic N concentrations at Location 3 in 2013. Average manure total N 
input: 166 kg N/ha. Comparisons within location and soil depth. Bars without 




































































































































































































































Corn V6 stage 
(P-value: 0.42)
 
Figure 3.7 Soil inorganic N concentrations at Location 4 in 2013. Average manure total N 
input: 166 kg N/ha. Additional 67 kg N/ha was sidedressed to all manure 
treatments as UAN before soil sampling at Location 4. Comparisons within 
location and soil depth. Bars without letters or with the same letter were not 











































































































































































































Figure 3.8 Soil residual inorganic N (mg/kg) after corn harvest at Location 1 and 2 in 2012. Comparisons within location and soil 
depth. Bars with the same letter were not significantly different at α = 0.05. Average manure total N input: 423 kg N/ha 
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Figure 3.9 Soil residual inorganic N (mg/kg) after corn harvest at Location 3 and 4 in 2013. Comparisons within location and soil 
depth. Bars with the same letter were not significantly different at α = 0.05. Average manure total N input: 166 kg N/ha. 




CHAPTER 4. SUMMARY AND IMPLICATIONS 
 
Pork production continues to intensify in the U.S. and has caused excessive manure 
supplies on many farms in the Midwest. Although liquid swine manure is one of the best 
organic fertilizers available, excessive manure nitrogen (N) application rates can lead to 
nitrate leaching into groundwater and nitrous oxide emissions to the atmosphere. 
Moreover, the decreasing reliance on N recycling in crop production is leading to larger 
N surpluses and environmental losses. Adverse impacts resulting from land application of 
swine manure may be prevented by implementing effective best management practices 
(BMPs). Examples of BMPs include proper nutrient management, which includes using 
agronomic rates of N along with the correct timing and placement of manure. 
In our study to further our understanding of swine manure N availability as affected 
by application timing, we found that spring manure applications were superior to early 
fall manure application on improving corn grain yield at Location 3 (40˚15’22” N, 
85˚9’14” W). The 2012 drought affected corn growth at Location 1 (40˚23’54” N, 
86˚15’15” W) and 2 (40˚27’14” N, 85˚6’13” W) due to limited rainfall during growing 





In 2013, the additional 67 kg N/ha fertilizer N (UAN) sidedressed at Location 4 
(40˚9’38” N, 85˚3’34” W) on all manure-treated soils (166 kg manure total N/ha) 
supplied enough N for optimum grain yield. At Location 3 where a yield response to 
various fertilizer N rates was observed, the relative yield return per unit N fertilizer input 
was calculated (Table 4.1). The low fertilizer treatment (134 kg N/ha) had the highest 
grain yield return per unit fertilizer N applied (62 kg grain/kg N) and grain yield in 
manure-treated soils were significantly lower than all fertilizer treatment (Table 4.2). 
Therefore, relative manure N effectiveness was derived based on grain yield in manure-
treated soils and the grain yield return coefficient of the 134 kg N/ha treatment (Table 
4.3). The results showed that effective manure N rate increased as manure application 
timing approached corn planting.  Apparent manure N availability and manure N 
efficiency in spring manure application (113 kg N/ha, 68% of total manure N) was higher 
than the early fall manure applications (87 kg N/ha, 63% of total manure N).  
The second objective of this research was to evaluate the impact of InstinctTM, a 
microencapsulated form of the nitrification inhibitor nitrapyrin, on conserving manure N 
and corn yield. Our results showed that InstinctTM did not improve corn grain yield at any 
of the four sites studied in 2012 and 2013 growing seasons (Table 4.4). While InstinctTM 
polymer microcapsules enable nitrapyrin to be well mixed with liquid manure and 
fertilizers, its mobility in soil is also increased and may have a high potential for runoff or 
leaching before nitrapyrin is released from the microcapsules. Further studies on the 
nitrapyrin release mechanism from InstinctTM microcapsules are important to understand 




It is suggested that manure application to be made in the spring rather than in the fall. 
While spring manure applications may have the highest manure N availability, this 
practice can be risky when a wet spring is encountered (soil compaction, delayed 
planting).  
It is important to note that soil properties interact with climatic conditions to 
influence manure N availability and corn yield. When the summer is hot and dry like in 
2012, corn growth can be restricted due to a lack of water; and manure N trials were 
ineffective at differentiating manure N availability. When fall or early spring 
precipitation is high, it is highly likely that nitrate could be leached down below corn root 
zone before the crop reaches it. In this scenario, a simulated in-season N model based on 
weather and soil data could be developed to estimate how much N would have been lost 
and how much N would be available. Therefore farmers could justify how much 
sidedress N to be applied to ensure grain yield. Our results suggested that in a normal 
climate year as 2013 in Indiana, an additional 67 kg N/ha sidedressed as UAN could 






Table 4.1 Fertilizer N efficiency (grain N/fertilizer N input) at Location 3 in 2013. 
Fertilizer N rate 
(kg N/ha) Corn grain yield (kg/ha)
 † Grain/N rate (kg grain/kg N) 
134                   8,300 b 62 
179                   9,500 a 53 
224                 10,000 a 45 





 Table 4.2 Corn yield response to swine manure application timing and InstinctTM for four experimental sites. Comparisons within 




2011-2012  2012-2013 
N timing / rate NI Location 1 Location 2 N timing / rate NI Location 3 Location 4† 
   -----------Mg/ha-----------   
-------------Mg/ha----------
-- 
Manure August (426, 243)‡ (-) 11.2 5.1     August (-) 5.1 f 12.2 
 September (417, 255) (-) 12.2 4.8     October (138)§ (-) 5.6 ef 13.5 
 October (418, 256) (-) 12.1 4.8     October (138) (+) 5.5 ef 12.1 
 October (418, 256) (+) 10.2 5.2     November (194) (-) 6.1 de 12.0 
 March (476, 231) (-) 11.1 5.2     November (194) (+) 6.3 cde 12.7 
 March (476, 231) (+) 10.6 5.0     May surface (165) (-) 7.1 c n/a 
 April (379, 224) (-) 11.5 5.2     May (165) (-) 6.9 cd n/a 
 April (379, 224) (+) 12.6 5.3     
Fertilizer¶ 134 kg N/ha (-) 11.6 5.7     134 kg N/ha (-) 8.3 b 12.2 
 179 kg N/ha (-) 11.0 7.5     179 kg N/ha (-) 9.5 a 13.5 
 224 kg N/ha (-) 11.9 6.0     224 kg N/ha (-) 10.0 a 13.5 
P>F   0.42 0.35   <0.0001 0.19 
† Additional 67 kg N/ha as UAN (28-0-0) was sidedressed on all manure treatments. 
‡ Numbers in parentheses: total manure N rates applied at Location 1 and 2, respectively. 
§ Number in parentheses: total manure N rate at Location 3 and 4. 
¶ Commercial fertilizer source: anhydrous ammonia (82-0-0) at Location 1, urea ammonium nitrate (UAN) (28-0-0) at Location 2, 





Table 4.3 Relative manure total N effectiveness as affected by manure application timing 
















Early fall 138 114         5,400 b                  87 b     63 ab 
Late fall 194 149         6,200 ab                100 ab     52 b 
Spring 165 129         7,000 a                113 a     68 a 
† Results are average across with and without InstinctTM; 
‡ Plant potential available nitrogen = NH4+-N + 0.3 × Organic-N (Joern and Brichford, 
1993, Purdue Cooperative Extension, AY-277); 
§ Significance level: α = 0.05. 
¶ Relative manure N effectiveness = Grain yield (kg/ha) ÷ [62 kg grain/kg N]; 





Table 4.4 Single degree of freedom contrast for comparison of with/without InstinctTM on 
corn grain yield. 





Location 1 October (-) vs. (+) 1 0.0681 
March (-) vs. (+) 1 0.5793 
April (-) vs. (+) 1 0.2623 
Overall (-) vs. (+) 1 0.4552 
 Error 30 - 
Location 2 October (-) vs. (+) 1 0.7039 
March (-) vs. (+) 1 0.8969 
April (-) vs. (+) 1 0.9050 
Overall (-) vs. (+) 1 0.8307 
 Error 20 - 
Location 3 October (-) vs. (+) 1 0.8514 
November (-) vs. (+) 1 0.6511 
Overall (-) vs. (+) 1 0.8508 
 Error 18 - 
Location 4† October (-) vs. (+) 1 0.0793 
November (-) vs. (+) 1 0.3661 
Overall (-) vs. (+) 1 0.5092 
 Error 14 - 









Appendix A Soil Water Retention Data 
Table A.1 Soil moisture contents at water retentions of 33 kPa for selected soil samples. 
 Depth (cm) 33 kPa (g g-1) 
Location 1 0-30 0.28 30-60 0.31 
Location 2 0-30 0.27 30-60 0.30 
Location 3 0-30 0.30 30-60 0.31 





Appendix B Manure Nitrogen Analysis Data 
Table B.1 Manure nutrient analysis data for each manure application at Location 1. 
Manure 




per 1000 gal 
August 1 Total Nitrogen 0.65 54.3 
Ammonium Nitrogen 0.42 35.1 
Organic Nitrogen 0.23 19.2 
Phosphorus (as P2O5) 0.32 60.1 
Potassium (as K2O) 0.41 40.7 
September 1 Total Nitrogen 0.63 52.4 
Ammonium Nitrogen 0.48 40.1 
Organic Nitrogen 0.15 12.3 
Phosphorus (as P2O5) 0.12 23.1 
Potassium (as K2O) 0.37 37.3 
2 Total Nitrogen 0.65 54.0 
Ammonium Nitrogen 0.50 42.0 
Organic Nitrogen 0.15 12.0 
Phosphorus (as P2O5) 0.13 24.8 
Potassium (as K2O) 0.38 38.3 
October 1 Total Nitrogen 0.64 53.4 
Ammonium Nitrogen 0.49 40.8 
Organic Nitrogen 0.15 12.6 
Phosphorus (as P2O5) 0.12 23.4 
Potassium (as K2O) 0.37 37.2 
2 Total Nitrogen 0.64 53.2 
Ammonium Nitrogen 0.49 40.7 
Organic Nitrogen 0.15 12.5 
Phosphorus (as P2O5) 0.12 23.9 
Potassium (as K2O) 0.37 36.9 
March 1 Total Nitrogen 0.72 59.8 
Ammonium Nitrogen 0.49 40.4 
Organic Nitrogen 0.23 19.4 
Phosphorus (as P2O5) 0.18 34.8 
Potassium (as K2O) 0.36 35.7 
2 Total Nitrogen 0.74 61.6 
Ammonium Nitrogen 0.50 41.2 
Organic Nitrogen 0.24 20.4 
Phosphorus (as P2O5) 0.15 28.8 





Table B.1. Continued. 
Manure 




per 1000 gal 
March 3 Total Nitrogen 0.73 60.6 
Ammonium Nitrogen 0.48 39.6 
Organic Nitrogen 0.24 21.0 
Phosphorus (as P2O5) 0.16 29.8 
Potassium (as K2O) 0.35 34.7 
April 1 Total Nitrogen 0.58 48.2 
Ammonium Nitrogen 0.44 36.9 
Organic Nitrogen 0.14 11.3 
Phosphorus (as P2O5) 0.11 21.5 
Potassium (as K2O) 0.28 28.0 
2 Total Nitrogen 0.55 45.9 
Ammonium Nitrogen 0.46 38.0 
Organic Nitrogen 0.09 7.9 
Phosphorus (as P2O5) 0.12 23.6 
Potassium (as K2O) 0.29 29.4 
3 Total Nitrogen 0.62 51.8 
Ammonium Nitrogen 0.44 36.3 
Organic Nitrogen 0.18 15.5 
Phosphorus (as P2O5) 0.12 23.6 
Potassium (as K2O) 0.30 30.3 
4 Total Nitrogen 0.57 47.5 
Ammonium Nitrogen 0.45 37.2 
Organic Nitrogen 0.12 10.3 
Phosphorus (as P2O5) 0.12 23.4 





Table B.2 Manure nutrient analysis data for each manure application at Location 2. 
Manure 




per 1000 gal 
August 1 Total Nitrogen 0.36 30.3 
Ammonium Nitrogen 0.30 24.7 
Organic Nitrogen 0.06 5.6 
Phosphorus (as P2O5) 0.07 14.1 
Potassium (as K2O) 0.20 20.0 
2 Total Nitrogen 0.36 30.2 
Ammonium Nitrogen 0.30 24.7 
Organic Nitrogen 0.06 5.5 
Phosphorus (as P2O5) 0.06 12.0 
Potassium (as K2O) 0.19 19.4 
3 Total Nitrogen 0.39 32.2 
Ammonium Nitrogen 0.29 24.5 
Organic Nitrogen 0.10 7.7 
Phosphorus (as P2O5) 0.08 14.9 
Potassium (as K2O) 0.19 19.5 
September 1 Total Nitrogen 0.40 33.2 
Ammonium Nitrogen 0.30 25.1 
Organic Nitrogen 0.10 8.1 
Phosphorus (as P2O5) 0.08 14.8 
Potassium (as K2O) 0.19 18.9 
2 Total Nitrogen 0.38 31.9 
Ammonium Nitrogen 0.30 24.8 
Organic Nitrogen 0.08 7.1 
Phosphorus (as P2O5) 0.07 13.8 
Potassium (as K2O) 0.18 17.5 
October 1 Total Nitrogen 0.36 30.2 
Ammonium Nitrogen 0.29 24.3 
Organic Nitrogen 0.07 5.9 
Phosphorus (as P2O5) 0.06 10.6 
Potassium (as K2O) 0.19 19.2 
2 Total Nitrogen 0.42 35.1 
Ammonium Nitrogen 0.30 24.6 
Organic Nitrogen 0.12 10.5 
Phosphorus (as P2O5) 0.06 11.1 
Potassium (as K2O) 0.18 17.8 
March 1 Total Nitrogen 0.36 30.0 
Ammonium Nitrogen 0.28 23.2 
Organic Nitrogen 0.08 6.8 
Phosphorus (as P2O5) 0.05 8.7 




Table B.2. Continued. 
Manure 




per 1000 gal 
March 2 Total Nitrogen 0.35 29.0 
Ammonium Nitrogen 0.29 24.0 
Organic Nitrogen 0.06 5.0 
Phosphorus (as P2O5) 0.05 9.9 
Potassium (as K2O) 0.17 16.9 
April 1 Total Nitrogen 0.36 29.9 
Ammonium Nitrogen 0.29 23.7 
Organic Nitrogen 0.07 6.2 
Phosphorus (as P2O5) 0.05 9.3 
Potassium (as K2O) 0.18 18.3 
2 Total Nitrogen 0.33 27.2 
Ammonium Nitrogen 0.28 23.6 
Organic Nitrogen 0.05 3.6 
Phosphorus (as P2O5) 0.04 7.2 






Table B.3 Manure nutrient analysis data for each manure application at Location 3 & 4. 
Manure 




per 1000 gal 
October 1 Total Nitrogen 0.22 18.7 
Ammonium Nitrogen 0.18 15.4 
Organic Nitrogen 0.04 3.3 
Phosphorus (as P2O5) 0.05 9.6 
Potassium (as K2O) 0.21 20.6 
2 Total Nitrogen 0.27 22.4 
Ammonium Nitrogen 0.19 15.4 
Organic Nitrogen 0.08 7.0 
Phosphorus (as P2O5) 0.06 11.6 
Potassium (as K2O) 0.20 20.2 
November 1 Total Nitrogen 0.35 28.7 
Ammonium Nitrogen 0.24 19.7 
Organic Nitrogen 0.11 9.0 
Phosphorus (as P2O5) 0.09 17.2 
Potassium (as K2O) 0.23 22.5 
2 Total Nitrogen 0.34 29.0 
Ammonium Nitrogen 0.22 18.7 
Organic Nitrogen 0.12 10.3 
Phosphorus (as P2O5) 0.14 27.5 
Potassium (as K2O) 0.23 23.2 
May  
(Location 3 only) 
1 Total Nitrogen 0.30 24.6 
Ammonium Nitrogen 0.20 16.8 
Organic Nitrogen 0.10 7.8 
Phosphorus (as P2O5) 0.08 16.0 






Appendix C Nitrous Oxide Emission Data 
Table C.1 Soil temperature in degrees Celcius [Soil Temp. (˚C)]; Soil volumetric water 




Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
10/12/2012 October No 12.9 29.4 15.70 
10/12/2012 October Yes 12.6 27.9 60.04 
10/20/2012 0 kg N/ha No 11.3 22.9 0.38 
10/20/2012 October No 11.0 25.1 3.37 
10/20/2012 October Yes 10.9 22.7 38.72 
10/27/2012 0 kg N/ha No 10.5 23.2 0.50 
10/27/2012 October No 9.8 28.8 12.32 
10/27/2012 October Yes 9.8 22.7 11.58 
11/3/2012 0 kg N/ha No 5.4 25.3 1.11 
11/3/2012 October No 4.9 27.3 11.30 
11/3/2012 October Yes 4.1 25.5 39.71 
11/10/2012 0 kg N/ha No 12.4 40.0 3.15 
11/10/2012 October No 12.0 44.5 18.17 
11/10/2012 October Yes 12.3 45.6 31.61 
11/18/2012 0 kg N/ha No 3.1 41.8 1.14 
11/18/2012 October No 4.4 43.5 23.62 
11/18/2012 October Yes 4.3 44.6 55.71 
11/20/2012 November No 6.7 24.6 15.53 
11/20/2012 November Yes 6.6 27.0 10.22 
11/24/2012 0 kg N/ha No 1.9 25.5 7.17 
11/24/2012 October No 2.3 27.6 16.99 
11/24/2012 October Yes 2.4 29.6 4.18 
11/24/2012 November No 1.8 25.3 9.17 
11/24/2012 November Yes 2.1 24.9 4.07 
12/1/2012 0 kg N/ha No 7.9 26.5 5.55 
12/1/2012 October No 7.3 27.2 26.91 
12/1/2012 October Yes 7.4 29.6 8.14 
12/1/2012 November No 7.3 25.5 5.87 
12/1/2012 November Yes 7.8 25.3 9.53 
12/8/2012 0 kg N/ha No 7.7 33.1 13.92 
12/8/2012 October No 7.7 33.9 20.86 




Table C.1. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
12/8/2012 November No 7.7 34.6 3.26 
12/8/2012 November Yes 7.7 32.3 7.65 
12/15/2012 0 kg N/ha No 3.6 30.0 7.98 
12/15/2012 October No 3.6 30.2 17.24 
12/15/2012 October Yes 3.7 32.3 9.32 
12/15/2012 November No 3.5 29.3 6.89 
12/15/2012 November Yes 3.6 29.5 11.40 
12/22/2012 0 kg N/ha No 1.7 29.2 0.74 
12/22/2012 October No 1.6 31.1 9.42 
12/22/2012 October Yes 1.9 33.1 0.85 
12/22/2012 November No 1.2 28.8 1.69 
12/22/2012 November Yes 1.9 29.5 7.26 
1/19/2013 0 kg N/ha No 0.2 20.1 7.18 
1/19/2013 October No 0.2 22.7 22.39 
1/19/2013 October Yes 0.3 23.5 8.43 
1/19/2013 November No 0.2 23.3 7.88 
1/19/2013 November Yes 0.2 20.7 23.06 
2/9/2013 0 kg N/ha No -0.1 18.7 20.62 
2/9/2013 October No -0.2 18.9 30.83 
2/9/2013 October Yes -0.1 19.2 19.43 
2/9/2013 November No -0.1 19.0 11.38 
2/9/2013 November Yes -0.1 18.1 25.79 
2/17/2013 0 kg N/ha No -0.2 16.4 18.12 
2/17/2013 October No -0.2 17.9 27.64 
2/17/2013 October Yes -0.4 18.2 24.99 
2/17/2013 November No -0.5 18.4 8.22 
2/17/2013 November Yes -0.4 16.8 17.29 
2/24/2013 0 kg N/ha No n/a n/a 16.45 
2/24/2013 October No n/a n/a 12.18 
2/24/2013 October Yes n/a n/a 23.38 
2/24/2013 November No n/a n/a 7.40 
2/24/2013 November Yes n/a n/a 20.89 
4/7/2013 0 kg N/ha No 12.9 31.2 4.69 
4/7/2013 October No 12.4 30.4 11.57 
4/7/2013 October Yes 13.0 33.9 1.73 
4/7/2013 November No 13.5 30.6 0.57 
4/7/2013 November Yes 13.8 29.1 4.24 




Table C.1. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
4/16/2013 October No 12.0 41.6 8.35 
4/16/2013 October Yes 11.4 43.2 10.96 
4/16/2013 November No 12.5 41.9 37.10 
4/16/2013 November Yes 13.0 43.2 19.75 
4/27/2013 0 kg N/ha No 11.5 n/a 78.52 
4/27/2013 October No 11.0 n/a 59.82 
4/27/2013 October Yes 11.6 n/a 7.66 
4/27/2013 November No 12.5 n/a 1.53 
4/27/2013 November Yes 13.5 n/a 6.98 
5/4/2013 0 kg N/ha No 15.0 n/a 26.57 
5/4/2013 October No 15.0 n/a 34.97 
5/4/2013 October Yes 15.8 n/a 23.16 
5/4/2013 November No 15.5 n/a 6.61 
5/4/2013 November Yes 15.5 n/a 4.70 
5/12/2013 0 kg N/ha No 13.4 32.8 3.18 
5/12/2013 October No 13.7 33.5 5.34 
5/12/2013 October Yes 13.4 37.2 6.17 
5/12/2013 November No 14.0 30.5 1.86 
5/12/2013 November Yes 13.1 28.4 2.79 
5/19/2013 0 kg N/ha No 21.3 21.0 5.19 
5/19/2013 October No 21.1 24.7 6.64 
5/19/2013 October Yes 21.4 27.3 3.71 
5/19/2013 November No 21.8 23.9 4.40 
5/19/2013 November Yes 21.6 20.3 3.23 
5/25/2013 0 kg N/ha No 19.7 18.6 3.09 
5/25/2013 October No 19.4 21.0 1.51 
5/25/2013 October Yes 19.5 24.9 2.13 
5/25/2013 November No 19.6 22.1 5.02 
5/25/2013 November Yes 19.6 18.5 2.43 
5/25/2013 May surface No 19.2 20.6 5.13 
5/25/2013 May No 19.4 17.5 25.78 
6/2/2013 0 kg N/ha No 22.8 27.0 13.35 
6/2/2013 October No 23.2 30.4 20.05 
6/2/2013 October Yes 22.9 28.4 20.91 
6/2/2013 November No 22.8 27.2 43.15 
6/2/2013 November Yes 22.8 31.9 127.42 
6/2/2013 May surface No 23.0 30.0 173.18 




Table C.1. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
6/12/2013 October No 25.5 21.8 2.46 
6/12/2013 October Yes 25.4 22.2 1.54 
6/12/2013 November No 26.0 20.5 1.43 
6/12/2013 November Yes 25.6 20.4 1.83 
6/12/2013 May surface No 26.0 19.8 2.15 
6/12/2013 May No 26.4 21.9 5.32 
6/12/2013 134 kg N/ha No 25.0 21.6 3.30 
6/17/2013 October No 27.6 30.5 12.76 
6/17/2013 October Yes 27.5 27.9 18.01 
6/17/2013 November No 26.9 28.6 10.09 
6/17/2013 November Yes 27.0 33.7 47.32 
6/17/2013 May surface No 27.9 27.5 12.01 
6/17/2013 May No 27.8 32.0 152.66 
6/17/2013 134 kg N/ha No 27.2 30.7 23.82 
6/24/2013 October No n/a n/a 4.41 
6/24/2013 October Yes n/a n/a 7.76 
6/24/2013 November No n/a n/a 3.98 
6/24/2013 November Yes n/a n/a 2.65 
6/24/2013 May surface No n/a n/a 5.91 
6/24/2013 May No n/a n/a 7.97 
6/24/2013 134 kg N/ha No n/a n/a 6.38 
7/9/2013 October No 24.5 31.0 9.27 
7/9/2013 October Yes 24.6 28.1 20.13 
7/9/2013 November No 24.6 28.8 7.96 
7/9/2013 November Yes 24.5 33.3 9.08 
7/9/2013 May surface No 24.6 26.1 12.02 
7/9/2013 May No 24.4 33.8 31.61 
7/9/2013 134 kg N/ha No 24.5 30.8 21.21 
7/9/2013 179 kg N/ha No 24.5 33.1 51.14 
7/9/2013 224 kg N/ha No 24.5 36.7 50.30 
7/19/2013 October No 28.0 n/a 4.67 
7/19/2013 October Yes 26.8 n/a 3.50 
7/19/2013 November No 25.9 n/a 2.39 
7/19/2013 November Yes 26.0 n/a 2.57 
7/19/2013 May surface No 25.8 n/a 2.06 
7/19/2013 May No 25.3 n/a 3.21 
7/19/2013 134 kg N/ha No 25.0 n/a 4.57 




Table C.1. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
7/19/2013 224 kg N/ha No 25.0 n/a 4.26 
7/23/2013 October No 21.4 22.4 4.92 
7/23/2013 October Yes 22.2 22.2 7.14 
7/23/2013 November No 21.0 19.1 2.65 
7/23/2013 November Yes 21.5 25.4 3.66 
7/23/2013 May surface No 22.1 20.5 1.71 
7/23/2013 May No 21.2 23.0 7.32 
7/23/2013 134 kg N/ha No 20.8 25.4 7.53 
7/23/2013 179 kg N/ha No 21.0 25.3 12.65 
7/23/2013 224 kg N/ha No 20.9 26.9 22.42 
7/30/2013 October No 22.5 n/a 2.01 
7/30/2013 October Yes 21.8 n/a 2.80 
7/30/2013 November No 20.9 n/a 1.24 
7/30/2013 November Yes 21.0 n/a 1.38 
7/30/2013 May surface No 20.8 n/a 0.69 
7/30/2013 May No 20.5 n/a 4.13 
7/30/2013 134 kg N/ha No 19.5 n/a 1.30 
7/30/2013 179 kg N/ha No 20.5 n/a 1.72 
7/30/2013 224 kg N/ha No 20.0 n/a 1.78 
8/6/2013 October No 21.0 n/a 2.03 
8/6/2013 October Yes 21.0 n/a 2.56 
8/6/2013 November No 20.4 n/a 1.66 
8/6/2013 November Yes 21.0 n/a 1.46 
8/6/2013 May surface No 20.3 n/a 1.16 
8/6/2013 May No 20.0 n/a 3.93 
8/6/2013 134 kg N/ha No 19.5 n/a 1.95 
8/6/2013 179 kg N/ha No 20.0 n/a 2.33 
8/6/2013 224 kg N/ha No 20.0 n/a 3.89 
8/15/2013 October No 21.5 n/a 2.54 
8/15/2013 October Yes 20.5 n/a 3.04 
8/15/2013 November No 19.6 n/a 1.46 
8/15/2013 November Yes 20.0 n/a 1.16 
8/15/2013 May surface No 19.8 n/a 0.92 
8/15/2013 May No 19.5 n/a 4.37 
8/15/2013 134 kg N/ha No 18.0 n/a 1.76 
8/15/2013 179 kg N/ha No 19.0 n/a 0.97 
8/15/2013 224 kg N/ha No 18.0 n/a 2.42 




Table C.1. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
8/21/2013 October Yes 24.3 n/a 3.31 
8/21/2013 November No 23.5 n/a 1.05 
8/21/2013 November Yes 24.0 n/a 2.85 
8/21/2013 May surface No 23.5 n/a 0.87 
8/21/2013 May No 23.0 n/a 5.10 
8/21/2013 134 kg N/ha No 22.0 n/a 1.64 
8/21/2013 179 kg N/ha No 23.5 n/a 0.93 
8/21/2013 224 kg N/ha No 22.0 n/a 1.35 
8/28/2013 October No 26.5 n/a 3.66 
8/28/2013 October Yes 26.0 n/a 4.00 
8/28/2013 November No 25.2 n/a 1.34 
8/28/2013 November Yes 25.5 n/a 2.48 
8/28/2013 May surface No 25.5 n/a 0.61 
8/28/2013 May No 24.8 n/a 3.76 
8/28/2013 134 kg N/ha No 24.0 n/a 1.49 
8/28/2013 179 kg N/ha No 25.5 n/a 1.50 
8/28/2013 224 kg N/ha No 23.5 n/a 1.74 
9/6/2013 October No 20.6 n/a 2.62 
9/6/2013 October Yes 20.8 n/a 3.85 
9/6/2013 November No 20.6 n/a 0.92 
9/6/2013 November Yes 20.5 n/a 2.79 
9/6/2013 May surface No 20.5 n/a 1.14 
9/6/2013 May No 20.5 n/a 3.34 
9/6/2013 134 kg N/ha No 19.5 n/a 1.92 
9/6/2013 179 kg N/ha No 20.0 n/a 2.69 
9/6/2013 224 kg N/ha No 19.0 n/a 2.36 
9/16/2013 October No 18.8 40.6 2.76 
9/16/2013 October Yes 18.6 40.1 4.00 
9/16/2013 November No 18.8 33.5 1.04 
9/16/2013 November Yes 18.6 40.6 2.93 
9/16/2013 May surface No 18.8 34.8 0.97 
9/16/2013 May No 18.8 38.4 2.84 
9/16/2013 134 kg N/ha No 18.5 44.0 1.42 
9/16/2013 179 kg N/ha No 18.7 44.4 2.61 
9/16/2013 224 kg N/ha No 18.5 50.8 2.03 
10/3/2013 October No 19.4 46.3 1.87 
10/3/2013 October Yes 19.3 43.4 2.00 




Table C.1. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
10/3/2013 November Yes 19.4 47.3 1.99 
10/3/2013 May surface No 19.4 47.1 2.01 
10/3/2013 May No 19.4 46.6 3.30 
10/3/2013 134 kg N/ha No 19.3 48.6 2.75 
10/3/2013 179 kg N/ha No 19.3 51.2 4.16 
10/3/2013 224 kg N/ha No 19.3 51.9 2.77 
10/25/2013 October No 8.0 n/a 0.03 
10/25/2013 October Yes 6.3 n/a 0.10 
10/25/2013 November No 5.5 n/a 0.08 
10/25/2013 November Yes 5.5 n/a 0.44 
10/25/2013 May surface No 6.5 n/a 0.13 
10/25/2013 May No 6.3 n/a 0.36 
10/25/2013 134 kg N/ha No 6.5 n/a 0.47 
10/25/2013 179 kg N/ha No 6.5 n/a 0.11 






Table C.2 Soil temperature in degrees Celcius [Soil Temp. (˚C)]; Soil volumetric water 




Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
10/12/2012 October No 12.8 13.9 20.13 
10/12/2012 October Yes 12.1 18.3 60.04 
10/20/2012 0 kg N/ha No 11.2 13.8 3.68 
10/20/2012 October No 11.4 16.2 33.28 
10/20/2012 October Yes 11.1 14.1 14.64 
10/27/2012 0 kg N/ha No 10.0 19.5 0.56 
10/27/2012 October No 10.3 18.8 28.94 
10/27/2012 October Yes 10.1 19.4 11.47 
11/3/2012 0 kg N/ha No 5.0 19.0 1.19 
11/3/2012 October No 4.9 18.5 7.02 
11/3/2012 October Yes 4.9 20.1 6.12 
11/10/2012 0 kg N/ha No 11.3 19.9 1.82 
11/10/2012 October No 11.7 22.4 14.33 
11/10/2012 October Yes 11.3 22.4 10.24 
11/18/2012 0 kg N/ha No 8.1 32.7 0.74 
11/18/2012 October No 7.8 36.9 3.79 
11/18/2012 October Yes 7.6 36.1 4.01 
11/20/2012 November No 8.2 16.4 12.75 
11/20/2012 November Yes 7.8 18.9 40.30 
11/25/2012 0 kg N/ha No 3.6 19.0 1.41 
11/25/2012 October No 3.1 20.5 2.38 
11/25/2012 October Yes 3.5 20.5 1.57 
11/25/2012 November No 2.4 22.8 13.75 
11/25/2012 November Yes 3.3 21.2 23.71 
12/2/2012 0 kg N/ha No 9.5 31.4 3.67 
12/2/2012 October No 10.1 34.5 3.64 
12/2/2012 October Yes 9.6 34.7 2.34 
12/2/2012 November No 9.2 35.2 3.77 
12/2/2012 November Yes 9.1 34.5 13.14 
12/8/2012 0 kg N/ha No 7.9 24.4 0.65 
12/8/2012 October No 8.0 30.2 6.98 
12/8/2012 October Yes 8.0 28.8 3.23 
12/8/2012 November No 7.9 26.7 15.27 
12/8/2012 November Yes 7.9 27.2 14.74 
12/15/2012 0 kg N/ha No 4.2 21.4 0.28 




Table C.2. Continued. 
Date 
(mm/dd/yyyy) 
Manure Timing / 
Fertilizer N Rate Inhibitor 
Soil Temp. 
(˚C) VWC (%) 
N2O 
(gN/ha/d) 
12/15/2012 October Yes 4.4 26.3 1.76 
12/15/2012 November No 4.1 23.7 14.25 
12/15/2012 November Yes 4.2 25.4 18.05 
12/23/2012 0 kg N/ha No 0.9 21.2 1.53 
12/23/2012 October No 0.7 20.5 8.60 
12/23/2012 October Yes 1.0 21.6 5.41 
12/23/2012 November No 1.0 23.3 21.09 
12/23/2012 November Yes 1.1 23.0 25.26 
1/19/2013 0 kg N/ha No 0.0 21.5 4.46 
1/19/2013 October No 0.1 21.4 22.07 
1/19/2013 October Yes 0.3 22.4 25.50 
1/19/2013 November No 0.2 24.1 40.45 
1/19/2013 November Yes 0.5 22.4 34.42 
2/9/2013 0 kg N/ha No -0.2 21.1 7.33 
2/9/2013 October No -0.2 20.9 7.22 
2/9/2013 October Yes 0.2 22.1 5.89 
2/9/2013 November No -0.1 22.9 17.95 
2/9/2013 November Yes -0.1 20.3 12.79 
2/18/2013 0 kg N/ha No -0.4 16.6 33.42 
2/18/2013 October No -0.6 19.3 28.30 
2/18/2013 October Yes -0.6 19.1 5.25 
2/18/2013 November No -0.4 19.3 18.47 
2/18/2013 November Yes -0.3 17.2 26.52 
2/24/2013 0 kg N/ha No n/a n/a 40.03 
2/24/2013 October No n/a n/a 63.49 
2/24/2013 October Yes n/a n/a 21.64 
2/24/2013 November No n/a n/a 88.11 
2/24/2013 November Yes n/a n/a 113.89 
4/16/2013 0 kg N/ha No 12.5 29.8 0.08 
4/16/2013 October No 12.8 30.7 0.58 
4/16/2013 October Yes 13.0 27.6 0.35 
4/16/2013 November No 13.0 27.4 8.72 
4/16/2013 November Yes 12.5 30.6 12.64 
4/27/2013 0 kg N/ha No 11.0 n/a 1.22 
4/27/2013 October No 11.6 n/a 0.60 
4/27/2013 October Yes 13.0 n/a 0.25 
4/27/2013 November No 12.0 n/a 11.89 




Appendix D Summary of Analysis of Variance Tables 
Table D.1 Analysis of variance for laboratory predicted mineralizable N (N0), first-order 
mineralization rate constant (k) in a 16-week soil static cup incubation. 




Freedom N0 k 
    ---------- P value -------- 
Location 1 0-30 Treatment 4 0.2633 0.0373 
Block 3 0.5353 0.4971 
Error 12 - - 
30-60 Treatment 4 0.2099 0.1291 
Block 3 0.0456 0.7456 
Error 12 - - 
Location 2 0-30 Treatment 4 0.4795 0.8880 
Block 2 0.6421 0.6935 
Error 8 - - 
30-60 Treatment 4 0.5380 0.2923 
Block 2 0.7357 0.4979 





Table D.2 Analysis of variance for soil inorganic nitrogen in an 8-week static cup 
incubation study – soil samples were collected at November 20, 2012. 







    -------P value ----- 
Location 3 0-30 Treatment 5 0.0081 
Block 2 0.0034 
Treat×Block 9 0.1125 
Week 2 <.0001 
Week×Treat 10 0.0327 
Error 22 - 
30-60 Treatment 5 0.9022 
Block 2 0.3059 
Treat×Block 10 <.0001 
Week 2 <.0001 
Week×Treat 20 0.0554 
Error 24 - 
Location 4 0-30 Treatment 5 0.0741 
Block 2 0.4685 
Treat×Block 10 <.0001 
Week 2 <.0001 
Week×Treat 10 0.0034 
Error 24 - 
30-60 Treatment 5 0.0273 
Block 2 0.5255 
Treat×Block 10 <.0001 
Week 2 <.0001 
Week×Treat 10 0.3497 
Error 24 - 





Table D.3 Analysis of variance for soil inorganic nitrogen in an 8-week static cup 
incubation study – soil samples were collected at corn planting. 







    -------P value ----- 
Location 1 0-30 Treatment 10 <.0001 
Block 3 0.8013 
Treat×Block 30 <.0001 
Week 2 <.0001 
Week×Treat 20 <.0001 
Error 66 - 
30-60 Treatment 10 0.0002 
Block 3 0.3019 
Treat×Block 30 <.0001 
Week 2 <.0001 
Week×Treat 20 0.0661 
Error 66 - 
Location 2 0-30 Treatment 10 0.0004 
Block 2 0.1594 
Treat×Block 20 0.0025 
Week 2 <.0001 
Week×Treat 20 0.0351 
Error 43 - 
30-60 Treatment 10 0.3246 
Block 2 0.0640 
Treat×Block 20 <.0001 
Week 2 <.0001 
Week×Treat 20 0.0296 
Error 44 - 
Location 3 0-30 Treatment 7 0.4449 
Block 2 0.0416 
Treat×Block 14 0.0003 
Week 2 <.0001 
Week×Treat 14 0.0283 
Error 32 - 
30-60 Treatment 7 0.4979 
Block 2 0.0028 
Treat×Block 14 <.0001 
Week 2 <.0001 
Week×Treat 14 0.7325 




Table D.3. Continued. 







    -------P value ----- 
Location 4 0-30 Treatment 5 0.0968 
Block 2 0.7317 
Treat×Block 10 <.0001 
Week 2 <.0001 
Week×Treat 10 0.0120 
Error 24 - 
30-60 Treatment 5 0.1427 
Block 2 0.0330 
Treat×Block 10 <0.0001 
Week 2 <0.0001 
Week×Treat 10 0.2010 
Error 24 - 





Table D.4 Analysis of variance for soil inorganic nitrogen in an 8-week static cup 
incubation study – soil samples were collected at corn V6 growth stage. 







    -------P value ----- 
Location 1 0-30 Treatment 10 0.0214 
Block 3 0.8271 
Treat×Block 30 <.0001 
Week 2 <.0001 
Week×Treat 20 <.0001 
Error 65 - 
30-60 Treatment 10 0.5100 
Block 3 0.6960 
Treat×Block 29 <.0001 
Week 2 <.0001 
Week×Treat 20 0.5468 
Error 64 - 
Location 2 0-30 Treatment 10 0.2158 
Block 2 0.5398 
Treat×Block 20 <.0001 
Week 2 <.0001 
Week×Treat 20 0.5661 
Error 44 - 
30-60 Treatment 10 0.0251 
Block 2 0.1087 
Treat×Block 19 <.0001 
Week 2 <.0001 
Week×Treat 20 0.2828 
Error 42 - 
Location 3 0-30 Treatment 9 <.0001 
Block 2 0.0105 
Treat×Block 18 0.0008 
Week 2 <.0001 
Week×Treat 18 <.0001 
Error 40 - 
30-60 Treatment 9 0.0042 
Block 2 0.0270 
Treat×Block 18 <.0001 
Week 2 <.0001 
Week×Treat 18 0.0161 




Table D.4. Continued. 







    -------P value ----- 
Location 4 0-30 Treatment 7 0.1990 
Block 1 0.6694 
Treat×Block 7 <.0001 
Week 2 <.0001 
Week×Treat 14 0.1720 
Error 16 - 
30-60 Treatment 7 0.2054 
Block 1 0.6712 
Treat×Block 7 0.0032 
Week 2 <.0001 
Week×Treat 14 0.9649 
Error 16 - 





Table D.5 Analysis of variance for post-harvest soil residual inorganic nitrogen. 







    -------P value ----- 
Location 1 0-30 Treatment 10 0.1162 
Block 3 0.8079 
Error 30 - 
30-60 Treatment 10 0.0063 
Block 3 0.5130 
Error 30 - 
Location 2 0-30 Treatment 10 0.0364 
Block 2 0.7525 
Error 20 - 
30-60 Treatment 10 0.0405 
Block 2 0.4820 
Error 20 - 
Location 3 0-30 Treatment 9 0.7255 
Block 2 0.4814 
Error 18 - 
30-60 Treatment 9 0.0179 
Block 2 0.8426 
Error 18 - 
Location 4 0-30 Treatment 7 0.0935 
Block 2 0.4177 
Error 14 - 
30-60 Treatment 7 0.2761 
Block 2 0.4040 





Table D.6 Analysis of variance for corn whole plant N concentration at V6 growth stage. 
 Source of Variance 
Degrees of 
Freedom 
Corn Whole Plant N 
Concentration 
   -------P value ----- 
Location 1 Treatment 10 <.0001 
Block 3 0.0161 
Error 30 - 
Location 2 Treatment 10 0.0600 
Block 2 0.1124 
Error 20 - 
Location 3 Treatment 9 0.0016 
Block 2 0.5091 
Error 18 - 
Location 4 Treatment 7 0.1111 
Block 2 0.8264 





Table D.7 Analysis of variance for corn ear leaf N concentration at R1 growth stage. 
 Source of Variance 
Degrees of 
Freedom 
Corn Ear Leaf N 
Concentration 
   -------P value ----- 
Location 1 Treatment 10 0.0813 
Block 3 0.2158 
Error 30 - 
Location 2 Treatment 10 0.1750 
Block 2 0.0678 
Error 20 - 
Location 3 Treatment 9 <.0001 
Block 2 0.0376 
Error 18 - 
Location 4 Treatment 7 0.1269 
Block 2 0.0901 
Error 14 - 
 
 
 
